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Qh! Theories of super symmetry (SUSY) draw much attentions in the past decades as a realistic 

Q-i! possibility of the physics beyond the Standard Model (SM)[1]. Due to a large number of particles 

and interactions involved in any of SUSY theories, the actual calculation of the production rates 

or decay rates of supersymmetric particles, which are predicted but not yet discovered, is very 

complicated. Consequently, it is highly desirable to have a system of automatic computation of 

$_i ■ such processes. The Minami-Tateya collaboration at KEK has already developed a system called 



GRACE [2] which generates automatically the tree amplitudes of the Standard Model. Implementing 
SUSY interactions in GRACE with some additional modifications, necessary for the treatment of 
Majorana particles and fermion number clashing vertices, they are upgrading GRACE so that they 
can use it to compute SUSY processes automatically. As a prototype of SUSY theories, this 
group has chosen MSSM, the minimal supersymmetric extension of the standard model, which is 
the smallest but the most basic model of SUSY that includes the SM, and they have coded its 
interactions in the model file of GRACE. 

Although the MSSM lagrangian is given in several papers [3,4], we need the self-contained and 
full expression including ghost interactions and gauge- fixing terms. In this paper I will present the 
complete MSSM lagrangian which is written in terms of mass eigenstates. The model files of GRACE 
for SUSY are coded based on this lagrangian, which also defines the phase convention of physical 
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particles. A package of MSSM processes, though limited to twenty-three processes, was generated 
by GRACE and is already released as SUSY23[5]. 

The paper is organized as follows. The superfields and their component fields used in MSSM 
are introduced in section 2, where the physical states such as fermions, gauge bosons etc. are 
defined in terms of the component fields. In section 3, the lagrangian is represented by superfields 
and then decomposed into the component fields. The complete expression of MSSM lagrangian is 
given in Appendix C in terms of mass eigenstates, except for the case of sfermion self- interactions, 
in which the lagrangian is given in a form with /j, and /#. For simplicity we consider fermions 
only in the first generation. Inclusion of the second and the third generations is trivial except for 
the four-sfermion interactions, in which the inter-generation interactions occur. 

Notations, conventions and several important formulae are compiled in Appendix A. In Ap- 
pendix B, the structure of the F-term and D-term is discussed. In Appendix D, the products of 
sfermion, which are expressed in Appendix C by /x, and /r are converted to the mass eigenstates 
/i and / 2 . In Appendix E, for the sake of those who are consulting the Hikasa's manuscript [4], his 
notation is compared with mine. It is confirmed that upon adjusting the conventions the lagrangian 
presented in this paper fully agrees with ref.[4] up to some trivial misprints in it. 



2. Superfields and physical states 

The MSSM, the minimal supersymmetric extension of the standard model which is based on the 
gauge group SU(2)l x U(l) x SU(3) c , consists of three gauge-superfields, V a , V and V" for gauge 
bosons, five left-handed chiral-super fields*, 3>£, <3? e , <& g , <3? u , <£</, for spinors of each generation, and 
two left-handed chiral superfields, <&hi an d 3?H2 for Higgs particles. The model contains three 
gauge coupling constants, g, g' and g s , and one Higgs coupling constant, fi, and in addition to 
the fermion masses which I don't count as free parameters, 6 + 8Nq free parameters of the mass 
dimension for soft SUSY-breaking terms. 

The chiral superfields represented by the bold letters are SU(2)l doublet, while non-bold 
superfields are SU(2)l singlet. The gauge superfield V a is SU(2)l triplet, while the gauge superfield 
V is SU(2)l singlet. The gauge superfield V" is SU(3) C octet. We use the index a, b • • • for SU(2)l 
and the index a, (3 ■ ■ ■ for SU(3) C . 

Since we use only the left-handed chiral superfields subject to the condition 



0_ 



V L $ = -(^+ 10^8^ = 0, (2.1) 



with the four-dimensional a^ being defined by (A. 3), we consider $ e , <I> U and 3><j as the superfields 
for the left-handed antifermions which contain right-handed fermions; for example, the superfield 
<3? e has a positive charge, and its hyper charge is given by Y = 2. For gauge-superfields, we work 



* Assume that the neutrinos are massless, we don't introduce the superfields corresponding to 
the right-handed singlet neutrino fields. 
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Table 1. Quantum numbers and component fields contained in each superfield appearing in MSSM 



in the so-called Wess-Zumino gauge, in which several component fields contained in the gauge- 
superfield are gauged away and gauge-superfields consist of three component fields. The content 
of component fields and the quantum number of each superfield appearing in MSSM are listed in 
Table 1. 

Upon shifting the vacuum expectation values, we define the Higgs scalar fields as follows, 

vi + </>? -ix°i)/V2 
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In terms of component fields the conventional spinors are expressed as 

•«-(£)■ •<■"-(£)■ 
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(2-3) 



Here, the bar is on the upper component, since $ e is the left-handed chiral superfield for positron 
and the complex conjugate corresponds to the charge conjugated state. 
Charged gauge bosons are defined as 



W± = — ^_! E. 

" " V2 ' 



while neutral gauge bosons are 
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The gauge boson masses are given in terms of vacuum expectation values v\ and vi\ 

Ml = \g\vl+vl), Ml = -y+g' 2 )(vl+vl). (2.5) 

Sfermions are denned as 

(£)-(-°£X, Z%){i)- /-».* w 

where /l and f R are given in terms of the scalar component fields, A{fu), A(f R ), listed in Table 1 

as 

e L =A(e L ), e R = A(e R )*, 



v L =A{v L ) 
u L =A(u L ] 
d L =A(d L ), d R = A(d R ) 



(2.7) 
u L =A(u L ), u R = A(u R )*, 



and the mixing angle is defined such that the mass matrix becomes diagonal with eigenvalues my 

.ti 



and m? (m? < m 
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The explicit form of the mass matrix is given in section 4. 

As we see in section 3, charginos don't conserve fermion number. Therefore, the fermion 
number of charginos is not determined by interactions, but it is a matter of convention. We 
adopt the convention that the positively charged charginos are Dirac-particles. This convention 
is recommended by the LEP2 working group [6] and it is used also in the generator SUSYGEN [7]. 
There are two charginos which are made of four Weyl spinors, A + , A - , H^ and H^. The physical 
states with mass m~± and m~± are given by 



chargino : tf (*+) = [ ^f ] , *(x~) = ^{xtY = [ *L L ] , * = 1, 2 



(2.9) 



where, 



( X ir 1 _ ( cos <f>R sin <t>R \ ( ^ 1 

I A 2~R ) I ~ Sin <t>R COS <j) R ) { Hi J 

( *i"l ) _ ( ! ° I f c °s0l sin^ L ^ f X+ \ 

{ A+ J [ e L J I -sin0 L cos0 L J [ ff+ J 



A+ 

Two orthogonal matrices in (2.10) diagonalizes the mass matrix, 

M 2 \[2M W cos /3 



(2.10) 



as 



_ f M 2 >/2M w cos/n r911 , 

• Mc= lV2M w sin/3 „ J' (2J1) 

r cos^ L sin0 L "j (cos</>k -sin^'j _ ( m~ Cl \ ^ ^ 

[-sin^L cos^l J C I sin^i? cos^^ J [ mg 2 J ' 



where we set the ordering of the two charginos such that jmgj < |mc 2 |- The parameter [i and 
M 2 are a Higgs-Higgs coupling constant and an SUSY breaking parameter as will be defined in 
(3.1) and (3.2). The mixing parameter cos/3 and sin/3 are related to the ratio of the two vacuum 
expectation values, v\ and i; 2 , 

— , cos (3 = —= 
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(2.13) 



The diagonal matrix with €l in (2.10) is to take care of the possible negative eigenvalue for mg 2 . 
( We can always choose the mixing parameters <pn and 4>l such that m^ > 0). Practically, from 
(2.11) we find 

e L = sign(M 2/ u - M^ sin 2(3). (2.14) 

The physical masses of charginos are given by 
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with Xi lighter than \ 2 . The mixing angles are given by 

V2M W (M 2 sin (3 + \x cos (3) 



(2.15) 
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(2.16) 



From the four neutral Weyl spinors, A, A , H\ and i/ 2 , four Majorana particles are constructed. 
They are denoted by 



neutralino : ^(Xi) = \ ' 
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(2.18) 



The four- by- four matrix Ojv diagonalizes the symmetric mass matrix Mn of the neutral Weyl 
spinors 
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(2.19) 



as 
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diag^j, m h2 , m^ 3 , m^), 



(2.20) 

. Here M\ is another 

SUSY breaking parameter(see (3.2)). In (2.18) a matrix with rji is introduced in order to change 
the phase of the particle whose eigenvalue becomes negative by the diagonalization (2.20). Namely, 



where the eigenvalues are arranged such that Im^J < \mn 2 \ < |w-n 3 | < |"in 4 
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(2.21) 



and 

m i o=»/?mfl 4 , (2.22) 

with Xi being the lightest neutralino. 

Eight gluinos are colored Majorana particles with mass M3 which comes from the SUSY 
breaking term in the lagrangian (3.2). 

glnino: V$ a ) = [^] . (2.23) 

Next, we discuss the Higgs particles. As we see in detail in section 4, the mass eigenstate of 
the charged Higgs, H^, is given by 

where <pf = (4>i)* and (j)^ = (4>t)* an< ^ ^ ± * s a niassless Goldestone boson. 

From the four neutral Higgs, we construct two real Higgs scalars with even CP, H°, h , and 
one neutral Goldstone boson G° and one real Higgs A which is CP odd, 



( H °) - { cosa s[na ) { 0? ) 

\ h° ) \ ~ si n a cos a ) \ $2 ) ' 

(G°) f cos/3 sin/3) ( x ? 1 

U°J ■" [-sin/3 cos/? J U§J ' 



(2.25) 



where 

tan2a = tan2/3— I — §, -- < a < 0. (2.26) 

The masses of Higgs particles are given at tree level by 

M A = m\ + m 2 = — m-12 (tan /? + cot /?), 
Mho,„o = i[Mi + M\ ± ^(M| + M|)2-4M|M|cos 2 2/3], (2.27) 

where mf , m^ and m\ 2 are defined in (4.9) by the parameters appearing in the MSSM lagrangian 
discussed in detail in the next section. 



3. Lagrangian 

In this section, first I show the lagrangian written by the superfields. By integrations and 
then eliminating the auxiliary fields by the equation of motion, I decompose the MSSM lagrangian 
in component fields. In Appendix C, the lagrangian is expressed in terms of physical states which 
are mass eigenstates and are related to the component fields as shown in section 2. The general 
form of the 6 integration is given in Appendix B. 
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The basic lagrangian consists of two part, the super symmetric part and softly breaking part. 

C= f d 2 eh2Tr(WW) + WW + 2Tr(W s W s )]+h.c. (3.1a) 

+ f d 2 9d 2 6&^ e W [2(g^-V a + g'^-V)]4> e (3.16) 

+ f d 2 6d 2 6<S>iexp(g'Y e V)$ e (3.1c) 

+ J d 2 dd 2 9^ exp[2(<?y V a + g'^v + g.^V?)]^ (3.1d) 

+ J d 2 ed 2 9<S>ieMg'Y u V - g s \ a *V s a )$ u (3.1e) 

+ J d 2 8d 2 9& d exp(g'Y d V - g s \ a *V s a )$d (3.1/) 

+ J d 2 8d 2 e&nS exp[2(gT a V a + g'^V)}*!!! (3.1(/) 

+ /d 2 ^¥*H2 t exp[2(( 7 T a l/ a + ( ? / ^l/)]*H2 (3.1/i) 

-*^ />**«,*,*« + *.c. (3.1j) 

vi J 

-li i d 2 6$ H1 $ H2 + h.c. (3.11) 



where 



+ Csoft (3.1m) 

+ Cgf + C ghos t, (3.1n) 



3 

w Q = - ipp e - v p Q e v , with v = ^yr, vF Q = -ippp Q y, 

i 

W SQ = -ipPe- Vs P Q e v % with V S = ^^V«, 

4 i 2 



(3.1o) 



and X a in (3. Id), (3.1e) and (3. If) stands for the SU(3) C Gell-Mann matrix. Note the minus 
and "*" signs in the exponents of (3.1e) and (3. If). This is due to the fact that <&„ and Qj are 
the left-handed chiral superfields for u- and <i-quark, respectively. The lagrangian (3.1a) gives 
the kinetic part of the gauge bosons and gauginos, while (3.1b)-(3.1f) give the kinetic part of the 
matter (fermions and sfermions) fields and their interaction lagrangians. (3.1i), (3.1j) and (3.1k) 
give the Yukawa interaction of matter fields with Higgs and higgsino fields. Note that in (3.1j) the 
overall sign is minus. Higgs kinetic part and Higgs interactions with gauge bosons and gauginos 
are obtained from (3.1g) and (3.1h), which also produce the gauge boson masses. (3.11) gives the 
higgsino off-diagonal mass. From the D-terms, we obtain the four scalar vertices, which include the 

7 



quartic Higgs self-interaction terms in the Higgs potential. From the F-terms, we obtain another 
four scalar vertices, but they contain always at least two sfermions and they don't contribute to 
the Higgs potential. Instead, F-terms contribute to the Higgs masses (quadratic terms). 

The soft SUSY breaking part (3.1m) has the following form* which contains as many as 6+8./Vg 
parameters where Nq = 3 is a number of fermion generation, 

Coft = ~ ^AA - ^M 2 \ a X a - l -Mz~g a ~9 a + h.c. 

- mjHJHi - m 2 2 H* 2 H 2 - (ro? 2 HiH 2 + h.c.) -J^ftfjtfi 

h 



_ V^u AuU2A{qL)A{uR) + V^d AdHl A (q L )A(d R ) + h.c. 
v 2 V\ 

+ yj^ eHl A(^)A(e K ) + h.c. 

Vl 



(3.2) 



where 



hih, = i^i 2 + i^-i 2 = \(\ Vl + 0?p + | x ?i 2 ) + i^ri 2 , 

H*H 2 = H°*H+ + H+H$, ( 3 - 2fl ) 

H1H2 = H^H 2 — H-i tin ■ 

and the summation is taken over all left-handed and right-handed sfermions. Note that SU{2) 
invariance requires the common breaking parameters for the members of each left-handed doublet 
sfermions, e.g., rha L = m^ , fhe L = rht> L , etc. 

The last two lagrangians in (3. In) are for quantization. They represent the gauge fixing terms 
and the ghost interactions. 

3.1 Matter gauge interactions 

We start with the interaction lagrangians which come from (3.1b)-(3.1f) and from (3.1i)-(3.1k). 
Using 



l T a W a + ly B = JL { ° 1 } W + + J_ f | r 



(3.3) 



+ gz(T 3 -s 2 w Q)Z^ + eQA 



/J- 



with gz = — and sw — sin^^y, c\y = cos 6\y, we obtain from the term** linear to the gauge 



* One often includes the interaction (3.1^) in the soft breaking part. This is because the coupling 
constant \x has a dimension of mass like the other soft breaking terms in (3.2). However, I don't 
classify it in the softly broken interaction since it is still supersymmetry invariant. 

** Note that the sign convention of the gauge fields is fixed by the convention of the covariant 
derivatives given by (A. 16). 



couplings g, g' and g s , 

Cffv = - ^= E Wih" L *(fi)w+ + *(/ i ) 7 ^*(/ T )w- 



5 

(/t./i) 
5z E *(/)7 M [(% - s 2 ff Q/)i - s 2 w Q f R]*(f)Z, 



^ (3-4) 

-e^Q / $(/) 7 ' , *(/M, 

/ 



where /j and /j stand for the up and down components of SU(2)l fermion doublets, and the 
summation / is taken over the fermion species, / = v,e,u and d, and the summation q is taken 
over all the quark species. We have used (A. 9) and (A. 13) in rewriting the interaction lagrangian 
in terms of the four-component spinors. Note the property, 

Qfn = ^f = -Qh = "^ + %]' fOT each / ( 3 - 5 ) 

which comes from the fact that the quantum numbers of fn are those of the corresponding left- 
handed antiparticle. The lagrangian (3.3) agrees with the fermion-gauge boson interaction of SM. 
In a similar way we obtain 



- igz Y^lfl ^ ( T 3/ - s 2 wQf)h ~ f* R T (s 2 w Q f )f R ]Z, 



»/* ~ _ ^m _ 



(3.6) 



f 

-«5sE(^Y 5 QL + q*RY d Qr)9%- 
i 

This confirms that ex, and e R have indeed the same charge as electron. 

The fermion-sfermion-gaugino interaction* is extracted from the remaining part of trilinear 



* Here, I used the terminology "gaugino" , since the lagrangian is still expressed in terms of Weyl 
spinors which are the partners of gauge bosons. Using (2.9), (2.10) and (2.17), we have to express 
(3.7) in terms of charginos and neutralinos which are mixtures of gauginos and higgsinos. 
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coupling in (3.1b)-(3.1f), 

Cffv = -g^(*> x ~) L *(ft)f*iL + (*,A + )L*(/ ; )/f L ] 

/ 

- V2j2[{g'(Q f -T 3/L )(*,A) +gT 3fL (*A°)}L*(f)fi] 

f 

+ V2g'Y,QfC\*)R*(f)fR (3-7) 

/ 

- V2g s Y^Mq)R^(~9 a )Y^ - W)L^{g a )^q R ] 

q 

+ /i.e.. 

Here, " *" in the spinor means that the entry does not appear in the lagrangian and is not necessary 
to be specified at this stage. In the actual calculation, using (2.10), one obtains the lagrangian in 
terms of the mass eigenstates by replacing 

(*,A~) -»• cos(f> R ^(xi) ~ sin^R^ixt), 

(*,A+) -► cos(f> L ^(xi) - e L sin(f> L ^(x2), 

(*,A) - {0 N ) jlV *y{x% (3.8) 

(A,*) - (0 N ) jlVj y(x% 



(*,A°) - (0*) i2 t£¥(#). 



jyz'ij =\Xj, 

Therefore, depending on the convention of calling a positive chargino as a particle or a negative 
chargino, either one of the two terms of the first line of (3.7) violates the fermion number conser- 
vation, typical to the chargino interactions. 

From the gauge coupling squared terms in the matter lagrangian, (3.1b)-(3.1f), we obtain the 
ffVV interaction terms; 



f 
99z 2 



£ Y fL (f;J* iL w+ + r iL f~; L w-)z» 






f 

+ g%F zz Z^ + 2eg z F ZA Z lx A» + e 2 F AA A^ 
2 2 9 9h 2 2 



+ <? s 2 E^^^l + v*r^-^-qrK9^ 



+ M {fi £A a d L W+" + d* L \ a u L W-v}g« 

+ 5«5z E^ T3 « " s wQq)VL\ a qL - s 2 w Q q q R X a q R }Z> 1 g 
g 

+ g s e Y, Q q {QL\ a q L + q R \ a q R Wg«, 
q 
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m 



where 

F ZZ = £[ (T 3f - s 2 w Q f ) 2 ftf L + s 4 w Q}f R f R ], 

f 

f za =/\ Qf( T 3f ~ sIvQ^/I/l - slyQJfxfB. ], (3.9a) 

/ 

F A A=Y J Q%fih + r R fR)- 

f 

From the Yukawa interaction of matter fields with Higgs fields, (3.1i), (3.fj) and (3.1k), we 
obtain the fermion mass terms and the following ffH interaction as well as // H interaction, 

/ 

+ ^^^( u ) L9 fdUt - ^±^( u )m{d)d>t + h.c. 

V 2 " Vi 



where 



v 2ine -y(v)m(e)4>+ + h.c. 



TH 

^[*(«)*(«)^-#(«) 7 5*(«)xE] 

V2 

^[*(d)*(d)0? + zf(d) 75 *(d)x?] 

Vl 

^[f(e)*(e)^+^(e) 7 5*(e)Xi], 
vi 



C ffH = ^^l*(u)L(*,H+yd L - ^(u)L(*,H° 2 Yu L 



(*, H x Y = sin <j> R V(xi ) + cos ct) R ^(x 2 ), 

It), 

,2 )i 



(*,H+Y = sin (/) L ^ ( X f) + e L cos ct) L ^(x 2 
(#",*)* = 8 m<t> R V(xt) +cos(f) R y(xP 



2 )■> 



(HJ,*)* =sm0 L ty(x 1 ) + e L cos0 L ^(x 

(*,fl?)* =(0 N ) j3 r,**(x% (*,H° 2 y = (O n ) ]4 ^(x% 

(a?,*)* =(o N \ m ^(x% (H$,*Y = (0"W-tf(xJ). 



3.2 F-terms and ZJ-terms 
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(3.10a) 



\/2m, 

V2 

+ (*(d)R(H+, *)* - V(u)R(M, *)*)u r ] + h.c. 

^i (3.106) 

+ (V(d)R(M, *)* - tt(u)fl(flf , *)*)d fl ] + h.c. 

^£[#( e )L(*, J ff 1 °)*e i - *(e)L(*, i^")'^ 

+ (*(e)i?(I°, *)' - #(i/)fl(flf , *)*)e«] + n.c, 



(3.10c) 



The remaining interaction including matter fields come from the auxiliary fields \F\ 2 and D 2 . 
From (B.12) and (B.13), we find that the F-terms in the matter superfield provide supersymmetric 
sfermion mass terms, ffH(G) and ffHH interactions; 



fi 

The sfermion mass terms are given as 



— £f mass + £ffH + '-'ffHH- 



(3.11) 



j mass 






(3.11a) 



where the sum is over the matter fields, ul, d,L, ur, cIr, vl, &l and &r. 
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\/2— -0* L e L (f)t + he, 



(3.116) 
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ffHH 



^Ull 2 (u*rUr + u* L u L ) - !4\x°i\ 2 (d R d R + d* L d L ) 



— rlXil {e R e R + e L e Lj 
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-m d 



<£W + V2 ^ d R 

V 2 «1 



v2 — 0J« fl (^d R 



: ffl t 
V 2 



Vl 
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-^\<f>lu* L - V2^d* L \ 2 - -^^dl + V24>tu\ 



(3.11c) 



n 



-[^i\ 2 + {4>\) 2 ]e R e R 



v 



bleL + yfit+vU 



iV2(^4x^t ~ ^X>tW L d L ) + h.c. 



Vn 



V 



i x /2 1 Ih± md ^,°sh+ - (i . -. 



V\V2 



(xwi - xmw R d R ) + h.c. 



From F(Hi) and F(H2), one finds a part of the Higgs potential, /l/r mixing terms and two 
kinds of interaction, 



£im 



£>V(F) + £f L f R + £ffH(G) + ^////' 



(3.12) 



where the suffix V(F) of the first lagrangian on the right-hand side signifies that it is the Higgs 
potential contributed from the F terms. 



£ 



V(F) 



-m 2 (h;h! + h5h 2 ). 



(3.12a) 
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£f L f R = m u V cot P(u* R u L + u* l ur) 

+ m d \i tan(3(d R d L + d* L d R ) (3.126) 

+ m e fj, tan(3(e* R e L + e* L e R ), 



C ffH{G) = —[( m dd* R d L + m e e R e L ){4> 2 - %) 



+ \/2(m d d* R u L + m e e R v L ) 



'2 



m u \x. 



+ —IWrUlM + ^X 1 ) ~ V2(u R d L )4>t] 

V2 

+ /i.e., 



(3.12c) 



~2 r 

2m? 



^//// = 2\ m dd*RdL + m- e eRe L | 2 ^\m d d R u L + m e e^P L | 2 



(3.12c?) 



2 , I ~* ~ |2\ 



4 



■(l«flO L | +\u R u L 



As three generations of fermions must be taken into account, we have to sum over the fermions 
in three generations before taking square in each term of (3.12d). 

From the L)-terms (B.18), we obtain a part of the Higgs potential, sfermion masses, ffH(G), 
ffHH as well as quartic sfermion interactions, 

D-terms = - - ^ |L>| 2 = C V{D) + Cjj + £ff H {G) + C ffHH + C ffff- ( 3 - 13 ) 

The contribution from the .D-term to the Higgs potential, Cv(D) produces the Higgs self-interaction 
terms, 

£v(D) = - \{g 2 + </ 2 )(h;h 1 - h*h 2 ) 2 - |-|h*h 2 | 2 

= constant + mass terms + C%h + £±H , 
where C^h arid C$h are three body and four body Higgs and Goldstone boson self-interactions. 
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C 3H = - ^-M z [cos(P + a)H° - sin(/3 + a)h°]X 
4c 

- gM w [cos{j3 - a)H°H+H- + sin(/3 - a)h°H + H-} 

- ^-M w [sm(p - a)H° - cos(/3 - a)h°](H + G- + H~G + ) 



(3.14a) 



i 



2 



M W A°(H+G- -H~G + ), 



where 



X = cos2a((F ) 2 - (h ) 2 ) -2sm2aH°h° - cos2/3(2|#+| 2 + (A ) 2 ) 
- 2sm2P(G°A° + H+G~ + H~G+) + cos2/?(2|G+| 2 + (G ) 2 ), 



(3.146) 



Un - - 32?* 



^-[| cos(/3 - a)(H°H + - h°G + ) + sin(/3 - a)(H°G + + h°H+)\ 2 

+ \H + G°-A°G + \ 2 } 

a 2 
i^-(H + G~ -H~G + ) 

4 

[ cos(/3 - a)(,4 tf - fc°G°) - sin(/3 - a)(^°/i° + H°G )}. 
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(3.14c) 



The mass terms and the constant terms are calculated in section 4 when the full Higgs potential, 
resulted also from the SUSY breaking term and from the F terms, is taken into account. 

C ff = -Ml cos 2/?[ (T 3/ - s 2 w Q f )flf L + s 2 w Q f f R f R ) ]. (3.15) 

C ffH(G) = ~ gzM z (cos([3 + a)H° - sin(/3 + a)h°) 

i( T 3f ~ swQ f )fth + s 2 w Q f f R f R ) ( 3 16 ) 

+ -?=M w (cos2f3G + - sm2(3H + )t L f iL + h.c. 



£ffHH =-j£ Fll/Vl + F RR J2 s 2 Qff R L 

f f 



with 



£=/lf £ Ml + i^f £ /f L / iL + *.*, 



F LL = {cos 2a((H ) 2 - (h ) 2 ) - 2 sin 2aff°n° 

+ cos2/3((G ) 2 - (^°) 2 ) - 2sin2/3G°A }(T 3/ - s 2 Q f ) 
- 2{cos2/3(|G+| 2 - \H+\ 2 ) - sm2P(H + G- + F"G + )}(T 3/ + s 2 Q f , 

F RR = cos2a((H ) 2 - (h ) 2 ) -2sm2aH°h° 
+ cos 2/3((G ) 2 - (^°) 2 ) - 2 sin 2(3G°A° 
+ 2cos2/3(|G + | 2 - \H + \ 2 ) + 2sin2p(H + G~ + H~G + ), 

F T ( J 5 = cos(/3 + a){H + h° - H°G + ) + sin(/J + a)(H + H° + /i G + ), 

F T (2) =cos2/3(^°F+ - G+G°) +sin2/3(A°G + + F+G ), 



(3.17) 



(3.17a) 



where /' is the SU{2)l partner of fermion / in the doublet. Four-sfermion interactions are given 
by (B.18), 

g 2 ~ 

£ffff = ~ "^"[ 4 I^l^ + v*e L \ 2 + \u* l ul - d* L d L + v*v - e* L e L \ 2 ] 

g' 2 1 ~ ~ 4 2 ~ ~ 



\-i>* L v L - e* L e L + -(u* L u L + d* L d L ) + 2e* R e R - -u* R u R + -d* R d 



R\ 

9 S < ^ST^ \~*~ \2 i a V^ i~*~/i2 ^ V^ /~*~ \/~/*~/m (3.18) 

~~§~{ 3"ZJM + 4 Z_> Ml ~3 Z> fe9i)fe ?i)} 

<2,i q<q' ,i q<q' ,i 

+ f { 2 E Iftfel 2 + 4 J2 \?lQ'r\ 2 ~ \ £(&&)(&&)}, 

q q<q' q,q' 

where for saving the space the strong interaction part proportional to g 2 is not explicitly expanded. 
Here again, as three generations of fermions are considered, following (B.18) one has to sum over 
the generations before taking squares at the g' 2 term, while in the g 2 term, according to (B.18) all 
the possible doublet combinations must be considered. 

3.3 Higgs gauge interactions 
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From (3.1g), (3.1h) as well as from the .D-terms, we obtain the various Higgs interaction terms. 
The D-terms provide the quartic part of the Higgs potentials shown in (B.18). From (3.1g) and 
(3.1h), we obtain the gaugino-higgsino mixing terms and the following four interactions. 

Chhv = ~ §s[(^#r - v 2 d»H^)W+ - ( Vl d»H? - v 2 d»H+)W-\ 

+ |i[cos(/3 - a){H° T G~ + h° T H~) 
- sin(/3 - a)(H° £" H~ - h° d" G~) 



+ iG° d^ G~ + iA° ^T H~]W+ + h.c. ( 3 - 19 ) 



+ -?-il(l - 2s 2 w )(G+ T G~ + H+ T H~) 
lc w 

-icos((3-a)(G° T H° + A°T h°) 
-ism(P - a)(G° T h° - A T H )^ 
+ ie[G + T G~ + H + T H~]Ap. 



Here, the first two lines can be removed by properly choosing the gauge fixing terms. 
JC-hhv = + -fyHi^H* + H° 2 ^H+]W+ + h.c. 

2c w l 1 1 2 2 (3.20) 

+ (1 - 2s 2 w )(H+a»H+ - H-a'H-)^ 

- e[H^(7^H^ - H+a^H+jA^. 

In (3.20) and in the following (3.22b), in the case of neutralino-neutralino interactions, XiX?^> 
XiX'jH, XiXjG, one has to impose the Majorana condition for neutralinos in order to find the 
Feynman rule from the lagrangian. Namely, using 



where 



*(x?)r*(x?) = *(x°)r c *(x°), (3.21) 

T C = CTC- 1 , (3.21a) 



with 

C(1,75,7m>7m75,o-^) C '~ 1 = (!> 75, -7^, 7^75,-0"^), (3.216) 

the lagrangian must be put in the form, 

£~^*M)r(^i)*(x°)=E*M)r(^^)*(x°) 

i 

+J2^W)[mj)+mi) c Mx° j )- 

i<j 
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* ■:) 



(3.21c) 



C 69 = - V2M w lcosMH{)<p(\ + )+smMH+M\-)]+h.c. 

{6.22a) 
- M z [cos P<p(H%) - sin P<p(H$)] [c W ip(X°) - s w <p{\)} + h.c. 

£hhv = M#i>(A-) - -^(A°M#r) " -^=<p(\MHrM 

- [g<p(\+MH° 2 ) + JL<p{H+)<p{\°) + ^(H+MX)]^ 

- [^(A+Mtff) + §^i>(A°) - ^(fl?MA)](0? +»x?) (3 ' 226) 

- [-^(iJ+MA") - §^ 2 >(A°) + ^(flSMA)](^ - ix§) 
+ /i.c. 

Using (2.9), (2.10), (2.14) and (2.15), we can easily rewrite the above lagrangian in terms of the 
mass eigenstates: the rule is simply to replace each product of two Weyl spinors according to the 
following rule, 

<p(a)(p(b) -► *(o)L*(6), (3.22c) 



where 



+ ^W+(A»-^Z»)F w + h.c. 



(3.22d) 



where 

<j>( \ = f (Ojv)i ^*(x?), a= neutral 

\(C , CR)ia(5ii + e L (5i2)^(x l "), a=positive 

tf (&) = I (°N)ibV^(Xi), b = ^utral 

k ; 1 (OcL)ib^(Xi ), b=negative 

with Ocl and Ocr being two orthogonal matrices appearing in (2.10). 
From the (gauge coupling) 2 terms, we have 

£-Vmass + £-H(G)VV + £-HHVV, (3.23) 



Cvmass = ^(vf + v\)W+W~» + ^ (v\ + «2)Z M Z", (3.23a) 

Ch(G)vv = M w G-(eA» - g z s 2 w Z»)W+ + h.c. 

+ gM w (cos(/3 - a)tf° + sin(/3 - a)h )W+W~^ (3.236) 

+ ^M z (cos(/3 - a)H° + sin(/3 - a)h Q )Z^, 

Chhvv = 9 -W+W~»[{Hy + (h ) 2 + (A ) 2 + (G ) 2 + 2|G+| 2 + 2|tf+| 2 ] 

+ ikz^[(H ) 2 + (h ) 2 + (A ) 2 + (G ) 2 

+ 2(l-2 s 2 v ) 2 (|G + | 2 + | J ff + | 2 )] (3 . 23c) 

+ (c 2 w - s 2 w )eg z Z^{\G + \ 2 + \H+\ 2 ) 
+ e 2 A^(\G + \ 2 + \H+\ 2 ) 

2 p cw 



16 



where 

F w = cos(/3 - a)(H°G- + h°H~) + sin(/J - a){h G~ - H H~) 

(3.23d) 
+ i(G G~ +A H~). 

3.4 SUSY breaking interactions 

The SUSY breaking lagrangian (3.1m) or (3.2) contributes to the mass terms as well as the 
Yukawa interaction terms which give the ffH{G) interactions. From the third and fourth lines of 
(3.2) one obtains, 

£ffH{G) = rn u A u u* R u L + m d A d d R d L + m e A e e R e L + h.c. 

+ —A«{-y/2<j>+u* R d L + (4>2 + ixl)uku L ) + h.c. 

V2 

+ ^A d (V2fcd R u L + (0? - i X i)d R d L ) + h.c. { "" l> 

+ ^A e (V2^e* R t> L + (0° - i X i)e R e L ) + h.c. 

3.5 Kinetic term (3.1a) 

From the lagrangian (3.1a) we obtain the (nonlinear) gauge boson kinetic terms which includes 
gauge boson self-interaction, gaugino kinetic terms and C vvv interaction. 

(3.1a) = - \w* W a ^ - -B^B^ - \g*g a ^ , N 

' 4 **" 4 ^ 4 ^ (3.25) 

+ C v kin + C vvv + ^-terms. 

The gauge boson kinetic part, the first line of (3.25), is the same as the SM. The gaugino kinetic 

part is given as 

£v kin = iAV^A* + iAa"0 M A + i~g a ^d^T 

= iX + a^d n X+ + iX-a^lF + a<Vd M A° + iXa^X + ig a a" d„g c ". 
Note that 

X± = ^01 = Cxr. (3.256) 



(3.25a) 



£vvv= g(x-^x°-x°c7^x+)w+ + h. 



c. 



(3.25c) 



+ cg{X + a t "X+ - X~a^X-)Z^ 

+ e(A + a^A+ - X~a^^F)A^ 

+ | i/ a ^*(F)7 M *(/)^- 
Combining (3.25a) with the kinetic part of the fermions, sfermions Higgs and higgsino fields, 

C kln et= +%Y,Hf)P&U) 

f 

+ i e *(xt)0>(xt) + \ E *(x?)^(x?) + \ E *r) w) 

* Q (3.26) 

+ E WH'dpH + E d"G*d^G. 

H G 
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Note that the factor ^ is properly reproduced for neutralino and gluino kinetic terms. 

3.6 Gauge fixing terms and ghost interacitons 

Upon using (2.24)and (2.25) and partial integration, the first two lines of (3.19) reduces to 

-iM w G~d^W+ + iM w G + d^W~ + M z G°d^Z fl . (3.27) 

Therefore, the gauge fixing term can be chosen such that this part disappears from the lagrangian: 

2 



£ 



gf 



J_p+p- —\F Z \ 2 — IF 7 I 2 — V \F ga 



(3.28) 



where 



F ± = d»W± ± iM w £ w G ± , 
F z = d^Z (1 + M z CzG°, 
F 7 = 0M, 



(3.29) 



in-, 



This is exactly the same form as the SM gauge fixing terms, ensuring that the gauge boson propa- 
gators and the Goldstone boson propagators have the same form as the standard model. 

Ghost interaction comes from the 577(2) and U(l) variation of the gauge fixing functions F^ 
etc. First we note that the matter and gauge fields transform as* 



SU(2) L : { 



17(1) : 



f SW* = e^VW* + -d u u\ 
6B„ = 0, 

S(Hi- < H, > ) 

r sw* = o, 

SBy, = jrd^a, 
U(H,-<H l > ) 



(f ■«) H,, 



(3.30) 



-jY--H- 



1 



SU(3) C : 8<% = F^vPgl + -^«°, 

9s 

where u % and a are the gauge transformation parameters. Or, equivalently, 



SU(2) L : { 



{ 5W± = ±i(W^u ± - W±u 3 ) + Ja^, 

sz,, 

SA„ 



u 



c w [-iw- u ++iw+u- + ±a A 



(3.31) 



The non-Abelian gauge transformation is defined in my convention as 

w » = E ? w m - ^(^)w M c/(x)- 1 - -[/(x)a^(x)- 1 , 



with 



U{x) = exp[-i2^— u(x) a ]. 
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where 



u 



1 • 9 

u =F iu 



V2 



(3.32) 



The transformation of the gauge fixing functions F^ etc is expressed as 



F+ 

F~ 

F z 

K F~< ) 

8F 9 ° 



(Mi M 2 ) 

[m 3 M 4 ) 



-u~/g 
-u 3 /g 
-a/g' ) 



(3.33) 



-d»d,5 aP -g s r^d»gl]{-uP/g s ). 



Changing the base from a 3 , a to u z and u 1 by 



(u z /gz\ { 
{ uye J " I 



cos V\y — sm t>w 
sin 6y/ cos 9w 



J ( a/g' J ' 



(3.34) 



so that the kinetic and mass terms become diagonal, and then separating the kinetic term and 
mass term one finds the final expression for the interaction lagrangian, 



£ 



ghost 



d n co + d a uj + - £, w M w u) + u> + + d^uj-d^uj- - £ w M w uj-uj- 
+ d»uj z d ll u Jz -ZzM 2 z uj z u z +& M u y d li u 1 +d fX O a d fl u; a 



+ (lu + ,lu-, oj z ,uj. 



<>( 



■Mint 1 Mint 2 
•Mint 3 Mint 4 



LO z 



(3.35) 



} f alh di i u a w li g1, 



with 



Mint 1 Mint 2 
Mint 3 Mint 4 



10 

10 

cw sw 

— S\y Cw 
(kinetic terms) — (mass terms). 



) _ (Mi M 2 ) 
J " [M 3 M a ) 



(3.36) 



Here uj stands for the ghost particles which are scalar but behave as if they were fermion. The 
explicit form of the matrices Mint l etc is given as follows, 



M 



int 1 



M 



int 2 — ig 



ig{c w d^Z n + swWAJ [J ^ j 
^M w ^ w [cos(/3 - a)H° + sin(/3 - a)h°] [J °A 

i 9 -M w £ w G [J _° x ) , 

( c w d^W+ s w d»W+ } 
{-c w d»W- - 8w d*W- ) 

Mwiw ( #(4, - s* w )G- eG-l 



(3.37a) 



(3.376) 
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_ ( c w d^W- -c w d»W+ ) 

Mint 3 - 19 y 8w QV W - - 8w dHW+ ) 



9_ % , , (G~ G+ 
2 



M-Az [° G Q ), (3.37c) 



M int 4 = - y M z £ z [cos(/? - a)H° + sin(/3 - a)h°] ( J q ) • (3.37d) 

They provide three interactions Cquv, C-ljujH and C&u>G where G stands for the Goldstone 
bosons. 

CcjuV = igc w [d fl u) + uj + - d^u)-u_\Z n 

+ ie[d^u) + uj + - d^Q-ixi-]A^ 

+ ig[c w {d»u z u- - d»u + u z ) + s w (d^uo 1 uj- - & i Q+u 1 )]W+ (3.38) 

+ ig[c w {d^id-uj z - d^Cd z LU + ) + s w {d^u)-UJ 1 - d^u y ui + )]W~ 

[cos(/3 - a)#° + sin(/J - a)/i ]. 

^wwG = - i^M w ^ w [uj + oj+ - uj-uj-]G° 

- ( c w ~ Sw)^r M w£w[u+uJzG + +u)-uj z G~) 

2 (3.40) 

— eMwCw[^+^-yG + + Cd-UJ-yG~] 
+ ^Mztzfizv+G- +Q z to-G+]. 



4. Mass matrix 

In this section, I will list the mass matrices of various particles, which are diagonalized by the 
orthogonal matrices as discussed in section 2. 

(l) Fermion Their masses come from the interaction (3.1i), (3.1j), (3.1k) as explicitly shown in 
(3.10a). 

(2)Gauge bosons Their masses come from (3.1g) and (3,lh) as shown in (3.23a). The mass 
term becomes 

C m =-^g 2 {vl + vl)W+W-» 

from which, we obtain the mass eigenvalues (2.5) and the mixing angle (2.4b). Photon and gluons 
remain massless. 
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(3)Sfermion The diagonal mass matrix elements come from the matter .F-terms (3.11a) and 
the D-terms given by (3.15) while the off-diagonal elements come from the Higgs F-terms (3.12b) 
as well as from the soft breaking term (3.24). 

,2 



9 

JL 

2* 

171; 
JLR. 



m, 

JLR 
9 

JR 



(4.2) 



with 



in 



II 
JR. 



■m 2 , +m) + M 2 z cos 2/3(T 3/ - Q f s 



WJi 



m t 



rhj R + mj + M z cos 2(3Q f s$ v , 

( -m u (fi cot (3 + A* u ), f = u 
"}lr ~ y — mf (fitanP + A%), f = d,e 

(4)Charginos They are mixture of gaugino A and higgsino H± and H 2 
from (3.1^), which reads as 

(3.U) = - v t [<p(Hi)<p(H+) + <p(H^)<p(H+) - ^{H^(Hl)} 
+ ^(if^-terms, 

while gauginos acquire masses only from the SUSY breaking interaction (3.1m). 
higgsino mixing terms come from (3.22a). Collecting them all, we find, (see (2.11)) 

r ( f\ + \ (u+\) ( M 2 V2M w cos(3 

c m = - (^(a+),^(f 2 + )J y^ M 

The mass eigenvalues are 



(4.3) 

Higgsino mass comes 

(4.4) 
The gaugino 



nv 



sin/? 



fi 



J U(#r)J 



+ h.c. 



(4.5) 



m 2 ± 

Xl 2 



1 



(M| + ^ 2 + 2M^tv / C), 



(4.6) 
(4.6a) 



where 

C = (M 2 + fi 2 + 2M 2 V ) 2 - 4(M 2 fj - M 2 , sin 2j3) 2 . 

(5) Neutralinos They are mixture of neutral gauginos A, A and neutral higgsinos H® and H 2 . 
As in the case of charginos, gaugino acquires masses from SUSY breaking lagrangian while the 
higgsino mass comes from (4.4). The gaugino-higgsino mixing term come from (3.22a). Assembling 
them together, we find (see (2.19)) 



C r 



A 

A 



Iff? 



Ifj 

* 
* 




M 2 

* 


—Mz sw cos (3 

Mz cw cos j3 




* 


* 


* 



Mz sw sin j3 > 




f A 1 


-Mz cw sin (5 




A u 


-M 




H» 


J 




Ih») 



(4.7) 



+ h.c. 



(6)Gluinos Being a SUSY partner of gluons, gluinos are massless in the SUSY limit. Acquiring 
the contribution only from the SUSY breaking term (3.2), their mass is M3. 

(7)Higgs Their masses come from the quadratic part of the Higgs potential, which arises from 
the F (ifj) -terms, (3. 12a), D-terms (3.14) and the SUSY breaking term (3.1m). It has the following 
form, 

V = m^H^Hi + ml~H* 2 tt 2 + (m? 2 HiH 2 + h.c.) 



+ ±( g 2 +g > 2 )(Hin 1 



H* 2 H 2 ) 2 + 9 — |HtH 2 | 2 , 



(4.8) 
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where 

m\ = fn\ + \fi\ 2 , 

™2 



m 2 = m 2 2 + \fi\ 2 , (4.9) 



2 ~ 2 

TO 12 = "T-12- 



and the product of two doublets is defined in (3.2a). Since the minimum of the above potential is 
realized by 

H 1= (f), H 2 =(|J, (4.10) 

Vi, v 2 and m\ etc are related at tree level as follows. 



(4.11) 



(4.13) 



v i v 2 rn{ 2 . 1 . . 

-* 7T = s ~(= - sinip), 

vf + v 2 mf + m 2 2 

2 2 ^ m l COs2 /^ ~~ m 2 Sm2 /$ 

Vl +V2 = ~ g 2 + s' 2 cos2/? ' 

Upon using (4.11), the Higgs potential (4.8) can be rewritten as 

V = m 2 H?H x + m^H^Ha - (m 2 + ml) cos /? sin /?(HiH 2 + /i.e.) 

o 2 4- «' 2 « 2 ( 4 - 12 ) 

+ ff +g (h*h 1 -h;h 2 ) 2 + |-|h*h 2 | 2 . 

The straightforward calculation yields the following mass matrix for neutral Higgs, 

„ 1/2, 2\ ( o o^ ( sin 2 /3 — sin 3 cos 3 ") ( y? ") 

£ ™ = -2 (m? + m2) l* ? '* 2 ) i-sin/?cos/? cos 2 /3 J [ 3 J 

_ 1 f0? V f Mi sin 2 /? + M| cos 2 /3 -(M^ + M|) sin/?cos/3 ^ ( 0$ "j 
2 l^J l-(M 2 +M|)sin/?cos/3 M\ cos 2 /? + Aff sin 2 /? J [ ^ J ' 

from which one obtains the masses of three neutral Higgses (see (2.27)), 

M| = m 2 + m 2 = —m 2 2 (tan 3 + cot 3), 
M 2 H o,h° = \[M\ + M 2 Z ± ^(M 2 + M 2 Z ) 2 - AM 2 A M 2 cos* 2(3], (4.14) 

i\4 ± = 71^ + ^^. 

The corresponding mixing angles are given in (2.25) with (2.26). For charged Higgs, we have 

c m = -iui + «so (^ , t ) ( _ ^ - ^ ) ( £) ■ <" 5 » 

with the eigenvalue Mjj± = M\ + M^ and the mixing matrix given by (2.24). The final form of 
the Higgs potential looks as follows, 

-V = ^(v 2 - v 2 ) 2 + (4.13) + (4.15) + (3.14a) + (3.14c). (4.16) 
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5. Choice of input parameters 

MSSM has four couplings, g, g' , g s and /i, and 6 + 8Nq free independent parameters for 
SUSY breaking, all together 10 + 8Nq parameters to be fixed. Among them, 8 parameters for 
each generation appear only in the sfermion mass matrix and their mixing. Therefore, it is more 
convenient to choose 5 physical masses and 3 mixing angles of sfermions in each generation as input 
parameters. From (2.8) one finds 



(5.1) 



Using (4.2), (4.3) and (5.1), one can easily express the original parameters appearing in the la- 
grangian, m 2 ~ , m 2 ~ and Af, in terms of the physical input parameters (the physical masses and 
the mixing angles of sfermions). If we neglect a fermion mass (to/ = 0), there is no mixing between 
Jl and Jr. Consequently, we need one less parameter; we can discard the mixing angle 9f, or 
equivalently Af in terms of the parameter appearing in the lagrangian. 

In case we neglect the masses of the fermions belonging to the first and second generations, 
the input parameters in sfermion sector are the following 20 quantities( 5+5+8=18 independent 



TO/ = 

JL 


cos Qrm^ + sin Qrm~ 
■' Ji ■> H 


TO/ = 
JR 


sin Qfm 1 + cos Qtm^ 

J Jl J J2 


to 2 ? = 

JLR 


cosOf sin ^f (to? — to?) 

•" J Jl J 2 



quantities): 






m\ L = m\ L 


i m le L = m t^ ™L> m J fl ' 


m h> 


m\ L = mj L 


> m l>+ L = m l L > m L' m L' 


m L' 


m?^, 


to? 2 , 6 b , ml, mf a , U 




m\, 


m 2 f2 , T , m 2 0TL , 




with the constraints coming from the SU(2)l invariance of C so ft, rn\ = wi , 

J JL1 JLI 


cos OtfTii + sin Otrrij: - 


■ m t = cos 0feTO,r + sin O^mr 


- ml + My, cos 2/3, 


■ 


2 2/i 2 i ■ 2 /i 2 

mp T = cos PrTO^ + sin u T m^ 2 


- m 2 T + Mw cos 2/3 



(5.2) 



(5.3) 
' V T m~ fi + sin" U T m~ 2 — to" + My, cos 'ip. 

Concerning the remaining 10 parameters, 

9, 9', 9s, V, Mi, M 2 , M 3 , ml, m 2 ,, m\ 2 , (5.4) 

it is customary to use, in place of m\, m\ and m\ 2 , the pseudoscalar Higgs mass M\ as given by 
(4.14) and two vacuum expectation values v\ and v 2 which are defined by (4.11). This is because 
m\, m\ and m 2 2 appear only in the Higgs potential (4.8) through (4.9) and as we see from (4.12), 
(4.13) and (4.14), Higgs masses, mixing angles and Higgs potential are more naturally expressed in 
terms of M 2 A and two vacuum expectation values. For reference sake, relations between the original 
three parameters and the M\, v\ and v 2 are shown here, 

to? = M\ sin 2 /3 - 9 —^(v 2 - v 2 ) - v 2 , 



m 2 = M 2 A co S 2 P+^—^-(v 2 -v 2 )-fi 2 , (5-5) 



r + sf 

8 
rnh= -7TMisin2/3. 



2 
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Therefore, as far as the Higgs sector is concerned, MSSM contains only one more parameter than 
SM, for which we can take tan (5. 

In place of g, g' and v\ + v\, more physical parameters can be used, namely, e, M w and M z , 
which are related to the former parameters according to (2.5) and (A. 15). Consequently, the input 
parameters we use are the following 10 quantities, 

e, g a , M w , M z , tan/3, M A , //, M u M 2 , M 3 , (5.6) 

plus 20 sfermion parameters (5.2) under two constraints (5.3). 
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Appendix A. Notations, Conventions and Mathematical formulae 

In this note the Greek letters, <!>, cp, x and ^ are used in the following meaning, 



V, X 
9 



left-handed chiral superfield 
two component Weyl spinors 
four component spinors 

Dirac fermion 
I Xb ) 

r Major ana fermion. 



(Al) 



We use the convention of gamma matrices, 



where 

Note the following relation: 

The 75 is then given by 



[a» J ' 



X a^ip = -ipa^x- 



■ 12 3 

75 = «7 7 7 7 



so that the right-handed and left-handed projections are given as follows; 



(A2) 

(A3) 

(A4) 

(A5) 



R 



[ID- -("?)' ^-(i o). VL-(J^). (.,) 



In this convention of the 7 matrices, the charge conjugation matrix C, which must fulfill the 
following conditions (see, e.g. Appendix A of ref.[8].), 



C T = -C, C t = C-^unitarity), C^C' 1 



■Iti, 



(A7) 



is expressed as 



2„0 



C = —i^f 7 



i(a 2 a°r 



i(a 2 a°) n t* 



10 
-10 
0-1 
I 1 



(A.i 



Therefore, for a given spinor (with upper indices for anti-Weyl spinors and down indices for Weyl 
spinors), 



* 



m 



Xi 

k X2 ) 



(A9) 
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one finds 



* = (x,¥>) = (Xi,X2, ¥>,¥>), 

^ c =C(^) T = c 



rxi ] 




(-x 2 ) 


X 2 
1 


= C 


x 1 


H> 




f2 


\ if 2 J 




{ -fl ) 



[%)• 



(A10) 



where the following properties 

X° = (xT = e & %, <Pa = (<P&r = e a /3V , 
with 



e «/3 = e aP 



(-.;)■ 



e «/3 - e d/3 



(!?)■ 



e a ^e 



^ 7 = <5L 



(All) 

(A12) 



are used. 

The bilinear of the four-component spinors are written in terms of two-component Weyl spinors 

MS. 

*2*1 =X2^1 + </>2Xl, 

* 2 7 M *i =x 2 a^xi + ¥20-^^1 = Xio^Xr ~ fpi^<P2, 

*275*1 =X2^1 -^2X1, 

V 2 m 1 =x2<p u (A13) 

* 2 ^*1 =^2X1) 
*27m#*1 = ^2^(p\ ^ 
*27m L *1 =X2^Xl- 



-<Picr IJ '<P2, 



(A14) 



In particular, 

iffty =(f>X + fXi (mass term) 

tyftty =xa^'d fl x + (p&^d^ip, (kinetic term) 

The gauge mixing angle 9yy and gauge couplings are related as follows, which is the same as 
the SM, 



Cw = COS V\y 



9 



vV + 9 



12 



e =g s w = g c w 



sw = sin V w 



99 



9' 



V9 2 + 9 



/2 



(A15) 



V9 2 + g' 2 

I use the following convention for the covariant derivative 



(A16) 



where X a stands for the SU(3) Gell-Mann matrix. Note that the signs of the coupling constants or 
gauge fields are opposite to the Kyoto convention [9] adopted in the SM part of GRACE. 
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Appendix B. 9 integrals, i^-terms and D-terms 

In this Appendix, I show the general result of the 9 integrals of each superfield interaction 
given in (3.1). First we note that the left-handed chiral superfield is given as, 



y = x — i9a9, 
z = x + i9a9, 
$ = A(y) + y/20<p(y) + 99F(y) 

= A(x) + s/29(p{x) + 99F(x) - i9a^9d ll A{x) 

+ ^=99d^(x)a»9 - -99993^ A(x), ( BA ) 

$t = A*(z) + ^2e<f(z) + 99F*(z) 

= A*(x) + y/2B<p(x) + 99F*(x) + i9a ti 9d tM A*(x) 



- —999o»d^{x) - -0000d lx & i A*{x), 



and the gauge superfield is decomposed in the Wess-Zumino gauge as, 

V(x, 9, 9) = OafOVp + 999X + 999X + -9999D. (B.2) 

Here F{x) and D{x) are spurious fields, called auxiliary fields, and they are eliminated upon using 
the Euler's equation of motion. 

The kinetic part of the gauge superfields becomes 

(3.1a) = -D a D a + iAVX^A - -V^V a " v 

+ ^D 2 + iXa^X - \v^V» v (B.3) 

+ l - D a D a + isf^v^ - \g™ v g a »\ 



where 



with e 



123 



V^X a = d^X a - ge abc V b X c , 
V? v = W - d v V£ - ge ab XV^ 

v p ,~g a = Q i ,~g a -g s r (il gl~g\ 

9v„ = d*fi-dv9l-9.r fh 49l, 
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(5.4) 



For the doublets, 



J d 2 9d 2 6& exp[2(g^-V a + 9 -YV + g s ^V s a )]& 



|F| 2 + |a M A| 2 + ^^a M ^ 

+ \[-{^T a ip + iA*r a d fl A)W^ - V2(^T a AX a + A*T a ip\ a ) 
+ A*r tt AD fl ] 

+ |y[-(<^V + iA*d»A)B ll - y/2{ipA.\ + A>A) 



+ A*AL>] (5.5) 

[-(<^A> + 
+ A*A a AD a ] 



+ y [-(£*" A°V + iA*A a ^A)<?£ - >/2(£A a As a + A*A># 



+ \[(g 2 W°W atl + Y 2 g' 2 B^B fl )A*A + 2Y# ff 'W;^(A*T a A)] 

+ ^[5 s 2 ^5^A*(A a A^)A + 2Y< 7s </<?«i^(A*A a A) 
+ 2g s gg^W a ^A*{T a \ a )A}. 

d 2 9d 2 W exptfYV + A a y s Q ]$ 

= \F\ 2 + \d^A\ 2 + i^d^ 

+ %rY\-{<po*ip + iA*d»A)B il - V2{$A\ + A>A) + A* AD] 



5s 

+ A*A a AD c 



+ ^ [-(<^<A> + L4* A Q <9M) 5 £ - s/2(p\ a Ag<* + A*X a <fg a ) (5.6) 



+ l[yV 2 ^ J B At (^M)] 

+ ib 2 < 7 °^A(A a A' 3 )A + 2y 5s ^^(AA^)]. 

Note that in (B.5), (B.6) as well as in (B.14), (B.15) below, A Q with a Greek index a is the SU(3) 
Gell-Mann matrix, while A and A a with a Roman index a are the component fields of the gauge 
superfields. In (B.5) and (B.6) color indices are not explicitly shown. For example, in (B.5) 

A*(r a A«)A^ Y, E Al p {r a ) l3 {X a ) p(J A ha . 

i,j = l,2 p,<J=l,3 

In deriving the above expression, we have used the following formula, 

mie^ewx) = -\eoM{<p<r x )- (5.7) 

The product of two chiral superfields becomes 

j ' d 2 63> l (y)3> 2 (y) = F 1 (y)A 2 (y) + A 1 (y)F 2 (y) - Mv)Mv), (5.8) 
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while the product of three chiral superfields becomes 

d 2 6^ 1 (y)^ 2 (y)My) = 'Fi(y)A 2 (y)A 3 (y) + A 1 (y)F 2 (y)A 3 (y)+A 1 (y)A 2 (y)F 3 (y) 

- A 1 (y)ip 2 (y)ip 3 (y) - <Pi(y)A 2 (y)<p 3 (y) - (pi(y)tp 2 (y)A 3 (y). 



(B.9) 



The auxiliary fields Fi have a simple structure. They appear in the lagrangian always in the 
combination 

C ~ \Fi\ 2 + Frf ,{...) + F* /*(...), (£.10) 

where fi is a function of scalar fields and is obtained from the superpotential W by differentiation, 

dW 



/*(■■•) 



dA- 



(fl.ll) 



The superpotential, VF, is obtained from the Higgs-matter Yukawa coupling part of the lagrangian 
(from (3,li) to (3.1k)) and the Higgs self-interaction (3.W) by replacing the superfields, <J>i, by the 
corresponding scalar fields, Ai. Explicit expression of Fi is given as follows, 



F{ulY 

F(d L y 



m u (l H )u 



V2m 



v 2 



V 2 

'2 U R ~ m rf(! + 



V2m d , _ j* 
r — 9i d R , 



vi 



" A+?,* — n i Vi l Xiyj* 



V2m 
^{ur) =— 9i «L 



-• ' d L - m u (l H 

«2 



)dfl. 



«L, 



F(di 



^2 

/-, . 0i -*XixJ v^rrid 
m d {\ H )d L , — 0! ul, 



''i 



vi 



F(e L )*=-m e (l + °~ ZX M e* 



vi 



7?.; 



i^M* 



m e (l H )e L 



vi 



Vl 



h "L, 



F(m 



0\* 



y/2. 



m d J* 



Vl 



d* R d L 



V2> 



m e 



Vl 



-e R e L + /j 



«2 + 02 + ^X2 



V2 



F(fl x ) =H d^uz, H e R is L - /KpJ , 



F(H+T 



Vl 

\J2m 



vi 






Fffl. 



0\* 



-*'2 



-u R u L 



+ /J01 , 



+ M 



vi + 0? - ix§ 



v 2 v^ 

Upon eliminating i 7 ^, the part of the lagrangian that contains Fi is given by 

(B.10)--£|*i| 



5TU 



9A 



(S.12a) 



(fl.126) 



(£.13) 
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From the F-terms of the matter fields, the masses of the sfermion as well as ffH and ffHH 
interactions are created, while from the F-terms of the Higgs fields, one obtains, above all, charged 
Higgs mass, neutral Higgs mass as well as fifn mixing terms. 

The auxiliary fields D contained in gauge superfields appear in the lagrangian as 

-D a D a + -D 2 + -D a D a 
2 2 2 

+|[ £ A*r a A]D a + 9 -[ E YA*A+ Y, YA*A]D {BU) 

doublet doublet singlet 



+f [ E ?l>?«l- E ft*°w. 

doublet singlet 



2 



where Y is the hypercharge of the multiplet. From the equation of motion for D a and D, one finds, 



D = - 9 -[ E YA*A + E YA*A], 

doublet singlet 

9 



D a = - y -[ E A*r a A], (B .i5) 



2 

doublet 

^ Q = -|[ E Tl^ql- E fc Aa «*]» 

doublet singlet 



and (B.14) becomes simply 



(B.U) = --D a D a --D 2 --D a D a . (B.16) 



Using the property of generators of SU(n), 

n 2 -i 2 

/ , KibK^d = 2fiad$bc &ab$cd-, {^ .17) 

a=l 

where A Q = 2 x (generator), namely A Q = r a for SU(2) and X a is the Gell-Mann matrix for SU(3), 
one finds 

(s.i4)=-^Ei E AV<JA i 2 

a doublet 

_y_[ J^ YA*A + E ^^*^] 2 

doublet singlet 

2 • _ (*.18) 

-|{ |Ei^i 2 + 4 E i« 2 -f E («f &)(«)} 

g,i q<q' ,i q<q' ,i 

+ f { 2 E isfei 2 + 4 E ift&i 2 - 1 E(£&x&&)}' 

where in the third and fourth lines the sums are taken over q, q 1 = u,d,- ■ ■ and i = R,L. Extracting 
from the first two lines the terms which are quartic in Higgs fields A = Hi and A = H2, one obtains 
the SUSY part of the Higgs potential given in (4.8). 
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Appendix C. Explicit expression of the MSSM lagrangian in terms of mass eigenstates 

The lagrangian derived in section 3 is not explicitly expressed on the basis of the mass eigen- 
states; they are still written in terms of two component Weyl spinors (in the case of charginos, 
neutralinos and gluinos) or in terms of unmixed states (in the case of sfermions). In this Appendix, 
the MSSM lagrangian is given explicitly in the mass eigenstates, so that we can easily read out the 
Feynman rule of MSSM from the lagrangian. For sfermions (except for (C.2)-(C5)), in order to 
save the space I use the base Jl and fn instead of /i and / 2 . 

Since the lagrangian consists of a huge number of terms, for the reference sake I first list in 
Table 2 the type of interactions and the corresponding equation numbers. Also listed in Table 2 
are the equation numbers where the interactions are explained. 

Gauge-boson- Fermion-Fermion 



(/t'/l) 



9z E/VKTa/ - s 2 w Q f ) 1 -^ - s 2 w Q f l -±^}fZ, 



f 



e^^/V/^ 



(CI) 



/ 

2 ™"" 

q 

W-Sfermion-Sfermion 






c = - i -K Z> [ c /t c /i (/fi d hi) - c h s fi (/fi d hi 



^(/t-/i) (C2) 

- s f ,c h Cfh T fa) + s h s fl (f* 2 T f i2 )]W+ + h.c, 

where /j and /j stand for the up- and down-components of the fermion doublet, and c^ T = cos 0f t 

and s/ T = sin Of etc. 

Z-Sfermion-Sfermion 

C = -igz Eit T 3/ c / " *wQA(fi d" h) 

f 

_<-/*_ . ~» _ (C.3) 

-%w[(/rs / 2 ) + (/ 2 *a /o] 

+ [T3 / 4- S 2 H ,Q / ](/ 2 *^/2)}^. 
7-Sfermion-Sfermion 

£ = -ie^Q/Ktf a" /i) + (/ 2 * a" / 2 )]A„. (C4) 

/ 

Gluon-Sfermion-Sfermion 
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type 


equation 


explanation 


Gauge coupl. 


Vff 


(CI) 


(3.4) 


(3-point) 


Vff 


(C.2)-(C5) 


(3.6) 




Vxx 


(C.6)-(C10) 


(3.20)(3.25c) 




VHH 


(C.ll) 


(3.19) 




VGH 


(C.12) 


(3.19) 




VGG 


(C.13) 


(3.19) 


Higgs coupl. 


Hff 


(C.14)(C15) 


(3.10a) 


(3-point) 


HVV 


(C.16) 


(3.23b) 




Hff 


(C.17)-(C20) 


(3.11b)(3.12c)(3.16)(3.24) 




HxX 


(C.21)-(C23) 


(3.22b) 


Goldstone 


Gff 


(C.24) 


(3.10a) 


(3-point) 


GVV 


(C.25) 


(3.23b) 




Gff 


(C.26) 


(3.11b)(3.12c)(3.16)(3.24) 




Gxx 


(C.27)-(C29) 


(3.22b) 


other 3-point 


ffx 


(C.30)-(C32) 


(3.7)(3.10b) 


4-point coupling 


VVff 


(C.33)-(C37) 


(3.9) 




HHVV 


(C.38) 


(3.23c) 




HGVV 


(C.39) 


(3.23c) 




GGVV 


(C.40) 


(3.23c) 




ffHH 


(C41)-(C46) 


(3.11c)(3.17) 




ffGH 


(C.47)-(C50) 


(3.11c)(3.17) 




ffGG 


(C.51)-(C53) 


(3.11c)(3.17) 




ffff 


(C.54)-(C58) 


(3.12d)(3.18) 


Gauge 


VVV 


(C.59) 


1st line of (3.25) 


selfinteraction 


WW 


(C.60) 


1st line of (3.25) 


Higgs 


HHH 


(C.61)-(C.62) 


(3.14a) 


selfinteraction 


HHHH 


(C.63)-(C65) 


(3.14c) 


Goldstone-Higgs 


HHG 


(C.66) 


(3.14a) 


interaction 


HGG 


(C.67) 


(3.14a) 




HHHG 


(C.68) 


(3.14c) 




HHGG 


(C.69) 


(3.14c) 




HGGG 


(C.70) 


(3.14c) 




GGGG 


(C.71) 


(3.14c) 


ghost 


uiloV 


(C.72) 


(3.38) 




uiloH 


(C.73) 


(3.39) 




UJLOG 


(C.74) 


(3.40) 



Table 2. Type of interactions in MSSM. 



£ 



-19 1 



D 



2 






v 



(C.5) 



W- C hargino-Neutralino 



C 



+9j2&r< 



(4 ol ? + 4 ol ?)^ + ^(^^ + ^^ 



)x. 



~w: 



(C.6) 
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where 

C + = r n{{0 N )i2Cos(j) L - -=(0 N )i±$ai4> L ], 

^2 = VitL[-(0 N )i2Sm.(f> L — (O n )h cos 4> L ] 

r °il = 7 l*[(£ > N)i2 COS (p R + — (C* N ) i3 Sm(j) R ], 

r °i2 + = V*[-{C>N)i2Sm.4> R + — = (O N ) i3 C0S(f> R ], 



V2" 



Z- C hargino- C hargino 



where 



« ,3 



v n = 7( sin2 fa + sin2 fa) - dw, 

a ii = i( sin2 fa - sin2 fa)' 

v ti = 4( cos2 fa + cos2 fa) ~ c wi 

°22 = 4( cos2 0-R ~ cos2 <^)> 

u i2 = u 2i = j(cos (f) R sin.(f) R + e L cos (f) L sm.()> L ), 



1 

4 1 



1 12 = a 2i = 7 ( cos <fo sin <t>R- e L cos </> L sin </> L ) . 



7- C hargino- C hargino 



Z-Neutralino-Neutralino 

9z v^^oT^o 



where 



«?■ = -lm( ViV *)[(0 N ) l3 (0 N ) j3 - (0 N ) i4 (0 N ) j4 ], 
a% = lne( VlV *)[(0 N ) i3 (0 N ) j3 - (0 N ) i4 (0 N ) j4 }. 



Gluon-Gluino-Gluino 



Gauge-boson-Higgs-Higgs 
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(C.6a) 



£ = +9z J2 xt-fivti + 4jK)xjZ^ (C.7) 



(C.7a) 



£ = -e(xtrxt + xt-fxt)^- (C-8) 



£ = f E 4x°7^75X°^ " 5z E X°7 M (4 " a%l 5 )xp„ (C.9) 



(C.9a) 



£ = ilifOdhga^fg-J. {C .10) 



£ = + |i[cos(a-/?)(/»° d H-) + sm(a-/3)(H° d H~)]W+ + h.c. 



5 ; (.4° d^ tf-)W+ + /i.c. 



^[cos(a - /3)(/i° £" A ) + sin(Q - 0){H° T A )]^ 

-2 



+ igz(^-s 2 w )(H + 3 H~)Z ll + ie{H + d H~)A^. 



Gauge-boson-Higgs-Goldstone 



£ = - |i[sin(a - /3)(/i° d^ G~) - cos(a - /3)(#° T G~)]W+ + h.c. 
+ ^[sin(a - /3)(/i° 9^ G°) - cos(a - (3)(H° T G°)]Z^. 



2 
Gauge-boson- Goldstone- Goldstone 



£ = - |[G° ^ Cr)W+ + (G° a" G + )W~] 

+ ^(^ - 4/)(G + T G-)Z» + ie(G+ S" G-)A„. 



H°(h°, A°)-Fermion-Fermion 



(C.ll) 



(C.12) 



(C.13) 



om e sin a , n qm e cos a TTn p„ ^ , n 

£ = + JL_£ -eeh° - ^—^ -eeH° + i^— — t<mfiej 5 eA 

2M w cosP 2M w cos[i 2M W l !b 

am,, cos a , n am., sin a ,~ am,, „ . n , „ 

- -^—2 -nn/i° - 2—H -uuH° + z-^— - cot /3u7 5 uA° C.14 

2Mvi/sin/3 2M w s\iv(3 2M W ,b y ' 

qm d sin a - n qnid cos a T ,„ n <7"id ^t , .n 

+ 4-r^ ^eZ/t° - ^tt 1 ^ddH° + i2—2- tan pdj 5 d A° . 

2M w cosP 2M w cos(3 2M W l ,b 



H -Fermion-Fermion 



C = —= [m e tan [3{u — - — e) + m u cot (5(u — - — d) + m^ tan (5{u — - — d)]H + + h.c. (C.15) 

\/2M\y 2 2 2 

Higgs-Gauge-boson-Gauge-boson 

C = + gM w [cos(a - /3)H° - sin(a - P)h°]W+W-' i 

+ ^M z [cos(a - (3)H° - sin(a - (3)h°]Z ^ . ( ' ' 0) 

In the following four equations (C.17), (C.18), (C.19) and (C.20), in order to avoid the complication 
of the equation I use fi, and fa instead of the mass eigenstates f\ and J2- Using (2.6), one can 
easily find the proper interactions of the Higgs-sfermion-sfermion. 
H°-Sfermion-Sfermion 
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C = - ^M z cos(q + (5)u*DH° 

.gmlcosa ,, , n .. 1 2 .._, _ __ n 

. grrii cos a ^ r , n . 2 , _„ _ __ n 

~ (l^T r ~ 9zM z cos(a + f3)s 2 w )e* R e R H° 

My/ COS p 

+ T777 — " — ^(^-e cos a + fisma)(e* L e R H° + e* R e L H°) 
2Mw cos p 

My/ Sinp z o 

, am 2 sin a 2 , ., , ,., . ril) 

" ( iT ■ 5 + i^M z cos(a + p^)^^ ° 
Mvk sinp o 

+ 7T77 ^^(A„sma + MCOsa)('U I/ 'U fi if +u R u L H ) 

IMy/ sinp 

. pj cos a „ , . „. . 1 1 9 . . ~„ ~ TTn 

" ( k^ +9ZM Z cosia + M- + -/ w ))dtd L H« 

My/ COS p o 

+ J md J A d cos a + fi sin a)(d* L d R H° + 4<i L tf ). 
2M^ cos p 



h°-Sfermion-Sfermion 



£ = + ^M z sin(a + j3)D*vh° 

+ XT^ - + <7zM z sma + /3 )(--+4, ))e* L e L h° 

My/ cos p 2 

, gml sin a 2 _ n 

+ (xF^ a " S* M * sm(a + f5)s 2 w )e R e R h° 

My/ COSp 



5m e 



2M w cos/3 



(^4 e sin a — ficosa)(e* L e R h° + e^e^/i ) 



gmlcosa . 1 2 2 _ 

~ (Xr XX ~ 5zMz sm ( a + ^)(o ~ Q^)) M i Wt ' 1 

Mj^/ sinp z o 

.(/mucosa 2 2 . . , n 

~ ( A/ f ■ r ~ o9zM z sin(a + p 1 )^)^^ 

+ 7777 : — „{A u cosa- /j,sm-a){u L u R h +u R u L h) 

IMy/ Slllp 

+ (fr^T? +9zM z sin(a + P)(- 1 - + ^))<W° 
Mjy cos p 2 3 

+ (XF^X - hzM z sin(a + p> 2 w )<W° (C18) 

My/ COS P o 

(A d sina — ficosa)(d* L d R h° + d* R dLh°). 



2M W cos /? 
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Note that (C.18) is obtained from (C.17) by the change 

sina — ► cosa, cosa — ► —sin a, sin(a+/3) — ► cos(a+/3), cos(a+/3) — > — sin(a+/3). (C.18a) 
A°-Sfermion-Sfermion 



ZMyy 
9 mu ( A ^4-/3 ,.\^*„~._/|0 ~*„~._ /|0 



— z 



— I- 



2M W 
gm d 



2M W 
H^-Sfermion-Sfermion 



(A u cot p-n) (u* L u R A° - u R u L A°) (C.19) 

(A d tan/3 - ^14^° - <&d L A°). 



£ = -= [(-^vp s ^ n 2(3 — ml tan /3)i>*eL + m e {A e tan /3 — fi)i)*eR\H + 

v2Mvk 

[M^ sin 2/3 - m 2 d tan (3 - m 2 u cot /3] (u* L d L H + ) 



\[2M W 



V2gm u m d ~ , (C.20) 

M w sin 2/3 

r m u (^l u cot/?-/z)-u|j(iL +md( J 4dtan/3-^)u24]-^ + 



V2M W 
+ /i.c. 



Higgs- C hargino- C hargino 



C = -j^{s? 1 Ch -xtxth° + sg Ch ~xtxth° 

+ll(^ Chl -^+r C l2 Ch l A^)xth° + xl(& hl -^+r C 2l Ch l -^)xth° 
+s C ll CH xlxtH« + sg CH -xtxtH° 

+X + A^ CHl ~^+r C 12 CH ^m^+xtd^^+rg^ ^)XtB°} 
-^{P?f A xll 5 xtA° + P g CA ^xtA° 

+xl(eg CAl -^+rg CA l -^)xiA^ + -x + 2 ^g CAl -^+rg CA ^)x + ^°}, 



(C.21) 
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where 



s n = — sin a cos 4>l sin c/)r + cos a sin 4>l cos <j>r, 

s 22 = €l (sin a sin <^>£ cos 0r — cos a cos 0l sin 0r) , 

^12 = €l (sin a sin </>£ sin <pn + cos a cos 4>l cos 0r) , 

r i2 = ~ sin a cos &L cos 0i? ~~ cos a sin 0L sin <j> R , 

nCCh _ ^CCh 
l 2\ — 1 12 ) 

'21 — ^12 1 

s n = cos a cos (ft l sin <ftii + sin a sin (ft l cos (fin , 

s 22 = £l ( — cos a sin </>£ cos 4>r — sin a cos 4>l sin 0# ) , 

fCCH 

c 12 

r i2 = cosqcos^l cos<j)R — sin a sin 0^ sin^jj, 

fCCH _ CCH 

l 2\ — 1 12 i 



€l (— cos a sin </>£ sin 0# + sin a cos 0l cos <pr) 



pVi 
c 21 

,C( 

21 < .1.2 

Higgs-Chargino-Neutralino 



„CC^ _ pCCH 
'21 — c 12 i 

Pii = sin (3 cos cj>L sva.cj)R + cos/? sin 0^ cos4>r, 

P22 = £l {— sin /3 sin ^^ cos </># — cos /3 cos <Pl sin R ) 

^12 = e L (sin /3 sin 4>l sin 0# — cos j3 cos 0l cos 0.r) , 

r 12 = sin/3cos</>L cos^i? — cos/3sin0i sin^R, 
CCA _ ^CCA 



r CCA _ nCCA 

'91 — <■■] 






2 



where 



*£"" = cos/3[cosfo(Ojv)i4 + l= S m<t> L ((0 N ) i2 + S -^{0 N ) tl M, 

V2 cvi/ 



Higgs-Neutralino-Neutralino 
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(C.21a) 



(C.22) 



(C.22a) 



l = - 1 e s?i NH xu°H° - § e x^r* + *r%)x5ff° 



4 

•L V^ n NNhTJO~fluO 9 

4 



E *™X^° - I E %(°$ Nh + ^%)X>° (C.23) 



•<] 






where 



s £."« = 7ee(7/ i j/ J -){[(Ojv)i2 - (On),! tan 9 w ][cos a((D N ) j3 - sin a((D N ) j4 } 



+ (i^ J')}, 



p™ = Tm( Wi ){[(Ojv)i2 - (Oiv)atan^][cosa(0 J v) J -3 -sina^Ar),- 



4 



^NNh 



+ (i" J')}, 
fte(7/i7fr){[(0iv)i2 ~ (C ) Ar)iitan6' w ][-sma(C'Ar) j 3 - cosa(Ojv)j4] 
+ (» <-► J')}, 
p™ = Im(OT,-){[(Ojv) a - {0 N ) a t&ne w ][-sma(0 N ) j3 - cosa(0 N ) j4 ] 



(C.23o) 



+ (* <-► J')}, 



4 JVA = Im(i, !l?j ){[(0 N ) l2 - (O iV )ataii^][sin/3(C» J v) J -3-cos / 5(O i v) i 4] 
+ (» <-► J')}, 



JVAM 

+ (t <-► ;)}■ 



p™ = ne( ViVj ){[(0 N ) i2 - [0 N ) n tan W ] [sin /3(0 N ) j3 - cos(3(0 N ) j4 ] 



Note the minus sign in front of s^ NA . As in (C.16) and (C.17), sfj Nh and Pij Nh are obtained from 
s% NH and p% NH by 

sina^cosa, cos a — ► — sin a, (C.236) 

while s^^" 4 and pfj NA are obtained from pfj NH and s^ NH by 

cosa^sin/3, sina^cos/3. (C.23c) 

Goldstone-Fermion-Fermion 



^ = ~ ^ nj [m e e7 5 eG° - m u u-f 5 uG° + m d dj 5 dG°] 

9 r - 1 + 75 ^+ -1-75 ,^+ . -1 + 75 ,^ +1 . , 
m e ^ eG T — to u u oG T + m,dU dG \ + n.c. 



(C.24) 



V2M w l 2 "2 "2 

Goldstone-Gauge-boson-Gauge-boson 

£ = - 5z M w s^(G-^+Z^) + eM w {G~W+A») + /i.e. (C.25) 

Goldstone-Sfermion-Sfermion 
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C = + -jM- [(MfV cos 2/3 - ml)D*e L G + + (M^ cos 2/3 + m 2 u - m 2 d )u* L d L G + ] 

H — -= [m e (A e + / utan/3)z>*e^G + — m u (A u + ^cot (3)u* r (1lG + 

\/2M\y 



+ m d (A d + fi tan f3)u* L d R G + ] (C.26) 

[m e (A e + /xtan/3)e^e fl G° - 

+ m d (A d + /i tan f3)d* L d R G°] 



+ i 77T7 [ m e(A e + fitan(3)ele R G° - m u (A u + fi cot f3)u* L u R G° 
AMw 



+ h.c. 
G°-Chargino-Chargino 

C = ^{ P ? 1 CG ~xt^xtG° +pg CG ~xh 5 xtG 

+xt(i?2 CGl ~^ + rg CGl -±^)xiG° + xl(4f G ^ + ^ 2 T G1 ^)X^ }, 

where 

Pu = cos P cos (pL sin (pn — sin f5 sin (f)L cos 4>r, 

P22 = e L ( — cos /3 sin (f>L cos 0« + sin /3 cos </>£, sin </)# ) , 

^12 = e ^ ( cos P s ^ n 0L sin (f>R + sin /3 cos (f>L cos </>#), 

r i2 CG = cos @ cos <^i cos &R + s i n /^ sin 4>L sin 0r, 

/;CCG _ r CCG 
^21 — '12 > 

r CCG _ _ pCCG 
'21 — c 12 



(C.27) 



(C.27a) 



G°-Neutralino-Neutralino 



* = <f EpT%X?G° + f E W("«r G + ^r G 75)x°G°, (C7.28) 



*<j 



where 



4^° = Xm(^ i ){[(Ojv)i2 - — (0 JV ),i][cos/3(O iV ),3 + sin/3(0 7V ) i4 ] 

+ (*<->j)} J 

p™G = ne( ViVj ){[(0 N ) i2 - S -^(0 N ) a ][cos(3(0 N ) j3 + sin(3(0 N ) j4 ] 
+ (i <-►.?)}. 
G^-Chargino-Neutralino 

C = +9^M NG l -=^+r GNG ^)X+G" 



(C.28a) 



(C.29) 



2 v Jt ' 2 



39 



where 

£ GNG = sin p[- cos MOnU -^=sm4> L ((0 N ) i2 + ^(0 N ) tl M, 

V2 c w 

r GNG = co6 0[(XxMON)ia ~ -^=smM(ON%2 + — (0 N ) a )W, 

V2 cw 

£g NG = smpe L [sm(p L (0 N ) iA - -±= cos<p L {{0 N ) i2 + ^(0 N ) a )M- 

V2 c w 

rg NG = cosp[-sm(p R {0 N ) iZ - ~^= cos cP R ((0 N ) l2 + — (Ojv)ii)]^- 



Chargino-Fermion-Sfermion 



~* 



r . — , , 1-75 . m e sin<^ l + 75x ~* 

C = + xA - gC ° S<l)L — +g V2M w cosP 2 ^ 

. — , . , 1 - 75 . "le COS fl 1 + 75 

+ X 2 (^ *nfc— + ^ MiyCOs/? 2 )- 

, -r+1-75 ~* . . , -r+1-75 ~* 
- 5 cos R Xi — 2 — ^ L + 5 sm ^ x 2 — 2^ — ve L 

gm e sin <^ fi — 1 - 75 ~* , #m e cos (£ fi — 1 - 75 ~* 

V2M w cosf3 T 2 R y^M^cos/3 2 2 K 



. — , , 1-75 . m u sin0 L 1 + 75 -^ 



1 - 75 ( _ m u e L cos (p L 1 + 7 5 
\/2MH/sin/3 2 
gm d sva.<p R — 1 -75 j* m d cos(p R — 1 - 75 t* 

v/2M w cos/3 Xl 2 " * 5 V2M^cos/? X2 2 U fl 



+ X2 (5 sm <p R — - — + 3-^— — - — - — )ud L 



I. -75 , m d cos ^ I + 75 
v^Miy cos 2 
ffm„sin0 L — 1 ~75 ^~* , m n e L cos0 L — 1 ~75 ^~* 
+ V2M w sinp Xl ~^ dUR + 5 V2M w sin/3 X2 ~^~^ 
+ h.c. 



--, • 1 -*■ »o 1 "•'d^wYK x ^ /5\r~* 

+ X 2 {geLSm<f> L — h #^=— — o — )" u i 



Neutralino-Fermion-Sfermion 



(C.29o) 



, — , , I-75 . m d sm(p R I + 75 (C.30) 

+ XA - 9COS(PL — +9 V2M WCO S0 2 ^ 



V2V 2 2 2 2 ( C _ 31 ) 



+ /i.e., 
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where 



e?»L= r,*[(0 N ) i2 - S -^(0 N ) a }, 

c w 

i^ L =-r,*[(0 N ) i2 + S -^ (0 N ) a ], 

cw 

e™ = v *[(o N ) i2 + ^(o N ) a ], 

6cw 

r?» L = 0, 

rf eL = TH ™" J O*)*, 

M\v cos p 

NuL _ m u i n \ 

My/ sin p 

r NdL _ „ m d (n n 

Mw cos p 
i? vR = 0, 



^ eR = ^Tr^7- a io 



M w cos p 

nNuR _ „* m u i/n \ 

Mw sm p 

nNdR _ „* m d (n x 

£i -^MyT^p^^ 3 ' 

r N,R = Q) 

NeR _ 9 S W rr) s 
r i — 2 Vi [yN)il, 

CW 

NuR _ 4 „ S W (n s 
„JVdii _ 2 „ %/ n n 

3 cw 



G luino- Q uar k- S quark 



2 " 2 J J 2 " 2 
W-W-Sfermion-Sfermion 

-,2 



W-Z(7)-Sfermion-Sfermion 

53z 



£ = - ^| sin 2 % ^ F /t (/f L / iL ^ + + fe/TLW-JZ", 



(C.31a) 



£ = -V2 5s £[gl±^":£fc - gLj^*^] + h. c . (c.32) 



£ = |- («I,ti L + d2d L + P*i> + e£e L )W+W-". (C.33) 



(C.34) 



Y, 



The hypercharge l/ t of the left-handed fermion doublets is defined as Qf = T%f -\ — ^- and its value 
is given in Table 1. 
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(Z,7)-(Z,7)-Sfermion-Sfermion 

£ = + 9% Y,l ( T sf ~ s 2 w Q f ) 2 ~flfL + s 4 wQ 2 ffRfR }Z^ 
f 

+ 2eg z Y} Qf(T 3 f ~ s 2 w Q f )flh - s 2 w Q 2 f f* R f R }Z^ (a35) 

/ 

+ e 2 YQ 2 f(ftfL + f* R f R )A^. 
f 

Gluon-Gluon-S quark- S quark 

C = +9 2 J2^l~Ql + Tr—Qr)^. (CM) 



2 2 ' ^ 2 2 

9 



Gluon-(W,Z,7)-Squark-Squark 



V2 



(C.37) 



+ 5s5 z X^{( T3 9 ~ s wQ q )Q*L^ a QL - SwQ q q R X a q R }Z^g^ 
q 

+ ff s e ^ Q q (? L \ a q L + q R \ a q R )A»g«. 
g 

Higgs-Higgs-Gauge-boson-Gauge-boson 



£ = + ^W+W-»[{H Q ) 2 + (h ) 2 + (A ) 2 + 2H+H-] 

+ ^^"[(i/ ) 2 + (/i ) 2 + (A ) 2 + 2(1 - 2s 2 w ) 2 H + H~] 
o 

+ e(/ z (l - 2s 2 w )Z^H + H- + ^A^H+H' ( C - 38 ) 

- ys 2 ff ^ + 2''[cos(a - /3)/i°-ff- + sin(a - f3)H H~ + »A°fr] + h.c. 

+ ^W+A"[cos(a - /3)h°H- + sin(a - P)H H~ + £A°fl-] + /i.e. 

Higgs-Goldstone-Gauge-boson-Gauge-boson 

C = —W+(A^ - —Z»).[cos(a - 0)H°G- - sm(a - (3)h G-\ + h.c. (C.39) 

2 ^ cw 

Goldstone-Goldstone-Gauge-boson-Gauge-boson 

a 2 

C = + y-W+W-^[(G°) 2 + 2G + G~] 

+ ^Z„Z"[(G°) 2 + 2(1 - 2s 2 w ) 2 G + G-\ 

o 

+ (4 - s 2 w )eg z Z^G + G- + e^^G+G" 

+ i 9 -W+(A» - ^Z^)G°G~ + /i.e. 
2 ^ c w 
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(C.40) 



H°-H°-Sfermion-Sfermion 

1 



C = -- jg 2 z (T 3 „)cos2ai)*i>(H ) 2 

~ [ 9 4mI^ + l 91 ^ ~ s 2 wQe)cos2a]~e* L e L (Hr 
t g 2 m 2 cos 2 a 1 2 2 _ , Tr0 . 2 

2 2 • 2 i 

r5 m u Sln a ,^2/Tn 2 /-» \ q i~*~ / tt0\2 

~ L./2 ■ 2 fl + 75z( T 3n - s w <2«) cos 2a\u L u L (H ) 
4M^ sin p 4 

r g 2 m 2 sin 2 a 1 2 2 _, . ,_„_ /tj -on2 

" [ 4MWfl + 75l^^cos2a]^nH(F ) 2 

4M w sin P ' (C.41) 



2^,2 „^ 2 

" + t5z ( T 3d - s 2 w Q d ) cos 2a]dld L (H°f 



g z m d cos z a 1 2 ^ 2 /-, x « iJ*J /u-o\2 



^M^cos 2 /? 4 

■ COS 2 Q 

' w cos 2 (5 



r g 2 m 2 , cos 2 a 1 2 2 ^ „ ,« r , T tV\\2 

-^ 4MLo S ^ + A SwQdCOS2a]d - MH ^ 

h°-h°-Sfermion-Sfermion 



£ = + \<fz(T3v) cos 2au*u(h ) 2 

g 2 m 2 e sm 2 a 1 2 2 i~* - /.0n2 

" t 4M 2 cos2; g " T^C^e - s w Q e ) cos 2a]e L e L (h ) 

r g 2 to 2 sin 2 a 1 2 2 /, n\2 

" [ 4M 2 cos 2 /3 " 75z^acos2a]e i? e R (/ 1 ) 



2^,2 „„, 2 , , 

tS'IC^u - SwQu) cos2a]u* L u L (h° 



[ g 2 m 2 u cos 2 a 1 2 /rTi _ 2 ^ n ___n_i.~. ~ />0x2 



' 2 "TT. 2 

L 4M^cos 2 /3 ' 2 



5 2 m 2 sin2a 1 2 /^ 2 n n • i~*~ uo^o 

+ oPl( r 3e - •%C/ e )sm2a]e L e Lj £r/j u 



+ 7,9% SwQe sin 2a}e* R e R H°h° 



g 2 mjsm2a 1 ^ 2 2 ^ ^,, K/K , . - „„,,„ 
L 4M^cos 2 /3 2^ 
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(C.42) 



^M^sin 2 /? 4" 

r<? wi u cos a 1 2 2 r\ r, 1~* ~ /l.0\2 

~ Kurt ■ 2 n - -79z s wQuCos2a\u R u R (h ) 
AM w sin j3 4 

- i fufZ^p- ~ \ gl{T " d ~ s2wQd) cos 2a ^ L (h°r 

g 2 m 2 d sin 2 a 1 2 2 ~ o i> J ^0x2 
" [ 4M^cos 2 /3 " 4^Q-cofl2a]d a d«(* ) • 

The interaction (C.42) is obtained from (C.41) by the interchange 

sin a — ► — cos a, cos a — > sin a, cos 2a — > — cos 2a. (C.42a) 

H°-h°-Sfermion-Sfermion 

C = + -g 2 z (T 3 „)sm2av*i>H h 



g m„ sin 2a 1 2 



+ 



l 4M^sm 2 (3 2 
g 2 m 2 sin2a _ 1 2 2 
[ 4M2,sin 2 /3 2 
r g 2 m 2 , sin 2a 1 



9z( T 3u ~ slyQu) sin 2a]u* L u L H°h 
g'zs'wQu sin 2a\u R u R H°h° 



* J_ ijO(,0 



4M^cos 2 /3 ' 2 



+ -g 2 z (T 3d - s 2 w Q d ) sm2a]d* L d L H%' 



r g 2 m 2 ,sin2a 1 2 2 . ~ ~ TTn . n 

+ [ttt^ — + -g 2 z s 2 w Q d sm2a}d R d R H°h°, 



AM 2 cos 2 /3 2^ 



(C.43) 



where (C.43) is obtained from (C.41) by the following replacement, 



cos 2a — > — sin 2a, sin a — ► sin 2a, cos a — ► — sin 2a. 



(C.43a) 



Sfermion-Sfermion-A°-A° 



C = + -g 2 z (T 3 ,)cos2(39*i)(A ) 2 



g 2 m\ x _ 2 



1 



^2^ tan /3- -5 z (T 3e -s w Q e )cos2/3]eie L (^ 
^tanV-^I4QeCos2^1e fi (4 ) 2 



0\2 



5 rn z u +2 1 



cot /? - -g z (T 3u - s w Q u ) cos2f3]u* L u L (A 



0\2 



AM 2 , 

CI Til 1 

|_Ji cot 2 p _ _ 5 | s 2^ Qu cos 2f 3]u R u R (A ) 2 

'777 1 - ~ 

^_^ tan 2 /? - 7 <?|(T 3d - s^Q d ) cos 2/3]^d L (^°) 2 



4M W 

(7 777, ' 

|^ tan 2 /3 - -<?| s^Q, cos 2/3]d^(^ ) 2 . 



(C.44) 



Note that (C.44) is obtained from (C.42)) by 



sin a — ► sin /3, cos a — > cos /3. 



(C.44a) 



Sfermion-Sfermion-H + -H~ 



£ 



2 2 i 

[f-^tan 2 + -g%{T 3v + s 2 w Q e )cos2f3]i>*i>H+H- 
^I(T 3e ) cos 2(3e* L e L H+H- 

Q TO 1 

[|_£ tan 2 p _ _ 5 | s 2 w g e cog 2 (5]~e R e R H + H- 
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2 2 i 

[L^d tan 2 p + _ 5 |( T3u + s i wQd ) cos 2P]ulu L H+H- 
[ 2M^ 2 

2 2 

cot 2 + ^|(T 3d + s 2 w Q u ) cos 2P]d* L d L H+H- 



cot j3- -g z s w Q u cos20\u R u R H + H~ 



\ 9 m " cot 2 5 I -~ 2 ' ••'■ ' 2 
l 2Ml COt ^ + 2 



(C.45) 



2 2 

tan 2 - y 2 z s 2 w Q d cos2(3]d R d R H + H- . 



9 m 2 ._2 fl 1 .2 ,2 
2M 2 



0_XJ± 



Sfermion-sfermion-Higgs-H 



g 2 , 2 cos q sin /3 , . ^m~*~ , r nrr+ 

£ = + Z. [ml 2-j- - M^ sm(a + (3)]v*e L H°H + 



2^/2M 2 e cos 2 /? 



-.2 



g 2 2 COS Q Sill (3 2 sin « COS / 3 ^2 ■ / , fl M-* J uO rr+ 

m M m d cos(a-/?) - 
V2M 2 / sin2/3 R 



<7 2 s i n a s i n /^ 



m: 



2V2M 2 e cos 2 /3 



+ M^ cos(a + (3)\v*e L h°H + 



g 2 s i n a s i n P 2 cos a s i n P 



2 0111 la 0111 y 2 

m,, ^- m. 



+ M^ cos(a + /3)}u* L d L h°H + 



2^M 2 / L d cos 2 /? u sin 2 /3 

2 m„m d sin(a - (3) _„, ~ + 

— o = — u R d R h H^ 

V2M 2 v sm2(3 R 

a 2 
+ i I - (ml tan 2 /? + M^ cos 2/3)z>*e L Y4°#+ 
2^/2/kf 2 / W 

+ i — p — — (m 2 tan 2 /3-m 2 cot 2 /3 + M^cos2/3)^J L A # + ^ ' ' 

2V2M^ 



+ /i.c. 
Sfermion-Sfermion-H ± -G° 



o 2 
C = -i % - (m 2 tan0-MLsm2P)D*e L H+G 
2y/2M 2 y 

a 2 
- ■ <m 2 d tan/? + m 2 cot (3 - M^ sin 2[3)u* L d L H + G 



2V2M 2 / d f u f w f ' L ^ {CAT) 

q 2 m.,m f i „ ~ , n 

. _y « d u*d R H + G° 

V2M 2 v sin2f3 R 



+ h.c. 
Sfermion-Sfermion-H ± -G :F 
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£ rrni L _ 1 



C = + (^ft a nf3--g 2 z (T 3 „ + s 2 w Q e )sm2f3)9*i>H + G- 

-^g 2 z (T 3e )sm2pe* L e L H+G- 

o in ! 

+ (|^r tan /3 + -g 2 z s 2 w Q e sin 2P)e R e R H + G~ 

Tfl 1 

+ (|^/ tan/? - - ff |(T 3u + S 2 w Q d ) 80 2/3^2^^+^- 

- (|^ cot /3 - -ffI^Q u sin 2(5)u R u R H + G~ 

- (f^ cot (5 + \g 2 z {T 3d + 4,Q U ) sin 2(3)dld L H + G~ {CA8) 

2 2 i 

+ (^^t&n{3 + -g z s 2 w Q d sm2{3)d R d R H+G- 



+ h.c. 
Sfermion-Sfermion-A°-G° 

1 



£ = + -g 2 z(T 3u )sm2(3i>*i>A G 



Q Tfl 1 

' £■ tan/3 H — i 

■2M 2 H T 



+ (^tan/3 + -g 2 z (T 3e - s 2 w Q e )sm2(3)e* L e L A»G" 



'^tan/3+1, 



+ (^_^tan/3+ -^^Q e sin2/3)e^e^ u G u 



O Tfl 1 

( 2i# COt ^ " 2^ (T3u " s2wQu) ^W^l^C 

Q Tfl 1 

(fj^T 001 ^- ^9 2 z s 2 w Q u sm2P)u R u R A°G 

,g 2 m 2 l 1 

^— /tan/3 + - ( 
-2M T 2 M 2^ 



+ (77TW tan ^ + o5z(^3d - s 2 w Q d ) sm2/3)d* L d L A»G» 



.Q 2 !!! 2 , I 

^— /tan/3 + - ( 
'2M T 2 M 2^ 



+ (^7/ tan ^+ o5z«wQd sin 2/3)^^^. 



Sfermion-Sfermion-Higgs u -G 



o_n± 



g 2 2 cos a 2 sin a 2 ^~* 7 „n™ 

( m d ^ -m^^-— - M^cos(a + f3))uld L H°G n 



2^/ 7 2M 2 v cos/3 M sin/3 

^ 2 m u m d sin(a-/3) - _, 

Q == UnCLvrl Lj 

V2M 2 v sm2f5 R 
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(C.49) 



+ 57fk K S- M »' sin(Q + ,3)) ^ ,lOG+ 

2 m u m d cos(q - /3) _„ ~ . 
-u R d R h G^ 



V2M? sin 2/3 



— a 



9 



2 



2^/2M, 2 



-(m^tan/3 - M^ sin2/3)P*e L A°G + 



2 



- i — ^ — H"4 tan /3 + mi cot /3 - ML sin 2/3)^7 d L A u G H 

2^M^ V d u W ' ' L L (G.50) 

-■ g2mumd u R d R A°G+ 



V2M^ sin 2/3 
/i.e. 



Sfermion-Sfermion-G + -G~ 



,# 2 me 1 
l 2Mi ~ 2* 



£ = - (^ " offiC^ + We) cos2/3)P* i)G + G- 
+ I g 2 z (T 3e ) cos 2(3e* L e L G+G- 



2 

CJ TO 1 

(fj^T + 2^ s ^Qe cos2/3)e^e R G+G- 



O TH 1 

( 2M^ " 2^ (T3u + S ^ Qd) C ° S 2 ^)«l^ G+G " 



'9 2 m 2 u , 1 2 , 



(|^ + -ffI^Q u cos2/?)^n«G+G- 

Tfl 1 - ~ 

( 2i# " 2^ (Tm + S ^ Qu) C ° S 2 ^ d *L d ^ G+G ~ 

Q Tfl 1 - ~ 

( 2M^ + ^l^co^d^G+G". 



Sfermion-Sfermion-G°-G° 



C = -^g 2 z (T 3u ) cos 2(39* 9(G°) 2 



■ 9 2 m\ 1 

'4Mi 4* 



0\2 



(jI^T + 7#f (^e - ^Qe) cos2/3)ele~ L (G°) 



■AM 2 4 



+ -g i z skQ e cos 2/3)e^e R (G u ) 
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(G.51) 



9 m u lj/ T 2 n \ „ n „na\^.* ?, m0\2 



- {^r + -/z{T*u - s 2 w Q u ) cos2p)u* L u L (G 

O TY1 1 

- (f^ + -/zSwQu cos2(3)u* R u R (G°) 



,g 2 m 2 d 1 



(C.52) 



- (J^ 1 + ^(rsd " s 2 w Q d ) cos 2/3)4 J L (G ) 2 

o in 1 - ~ 

- (f^ + 1 9 2 z sl v Q d co S 2P)d* R d R (G ) 2 . 



Sfermion-Sfermion-G -G ± 

C = + i—^(m 2 e -M^cos2(3)(D*e L G G + -e* L DG°G-) 

+ \j[ M 2 ^ ~ m l- M w cos 2(3)(u* L d L G°G + - d* L uG°G~ 
Four-slepton interactions (same generation) 

£ = - — [i/ w i/ + 2f z/e L e L + e L e L e L e L + 4s w e R e R e R e R \ 

o 

+ { 2 9zSw ~ 2M 2 v co S 2 (3 )[U UeR€R + W*'& 



(C.53) 



(C.54) 



Four-slepton interactions (intergeneration) 

Below I show only the interactions between the first and second generations. It is straightfor- 
ward to obtain the first-third and second-third intergeneration interactions. 



C = f^t^ePlPfi + e* L e L jllfl L + 2 cos 2 9 w u*e L fi* L i> fl + 2 cos 2 9 w e* L i> e i)*jl L \ 



9% -2, 



+ — sin 9 w [u* e v e il* R iX R + v^v^e R e R + e* L e L fi R fi R + e R e R fx* L ix L - 2e* R e R jl R ji R ] 

IX (C-55) 

+ 9z(^ ~ g sin2 ^JK^AlAl + v^Sl^l] 

2 



- 2Af2 cos 2 R ^eCRVRVn + e fi^^^R + e R e L fj, L n R + e L e R n R /j, L \. 
Two-slepton-Two-squark (same generation) 



11 „ _ 

£ = - 5l(^ - 2 S wQu)\v*vulU L + e* L e L <f L d L ] 

~ ^9z s wQu[v*vu R u R + e* L e L u* R u R - 2e R e R u R u R } 

+ 9z(^ + 2 s wQd) \v*vd* L d~L + e* L e L u* L u L ] 

- T>9 2 zSwQd\v* vd* R d R + e* L e L d* R d R - 2e R e R d* R d R ] 
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9z(Qu ~ 2) s we* R e R u* L u L - g 2 z (Q d + -j)swe R e R d\d L ] 

I,* 

2 



g 2 [9*e L d* L u L + e* L 9u* L d L ] (C.56) 



2M2 cos 2 (3 



z/ e R d R u L + e R uu L d R + e L e R d R d L + e R e L d L d R \. 



Two-slepton-Two-squark (intergeneration) 

Intergeneration interaction is obtained by either of the two ways: (1) replacement in the lepton 
sector, £> e — ► D^, e —> ji and m e — ► m^; (2) replacement in the quark sector, u — > c, d — > s and 

Four-squark interactions (same generation) 



£ = - [^s + \g%{\ + 4/0^)H(^l) 2 + (d* L d L ) 2 } 
+ [g^ 2 +5K4 - (QuQd + ^^K^l^H^z,) 



[g3 2 + ^I^Q'PW) 2 

[^ s 2 +^ 2 wQa(4^) 2 



- [gS 2 - g\s\vQu(Qu - ^)]{u* L u L ){u R u R ) 

- [^ 2 - s|^Qd(Qd + \)]{d* L d L ){d R d R ) 

1 1 ~ ~ 

- [q9 2 s - g 2 zS 2 w Q d {Q u - -)]{u* L u L ){d R d R ) 

~ [q9 2 s ~ g 2 z SwQu(Qd + -j)]{d\d L ){u R u R ) 



+ [q9 2 s ~ 9 2 z s wQuQd]{d R d R ){u R u R ) 

+ k^ ~ on/ 2 m " \ M u* R ulW l u r ) + (u R d L )(d* L u R )) 
2 2M^r sin p 

+ [^ " 2jl / 2 ^ ](<fok)(<ftck) + (^ L )(n^«)] 

- 2^' +5 2 )(^l4)(4^) " 2^ 2 («r4)(4^)- 



Four-quark interactions (intergeneration) 
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(C.57) 



£ = + [gSs - #1(4 + ^Q u Qd)](u2ML)(c2c L ) - -g 2 s (u* L c L )(c* L u L ) 

+ [gSs -5|swQu](«fl s fl)(cRCfl) - 2^(«RC fl )(c^u R ) 

- [gtfs - 9z s wQu{Qu - ^)\[{u* L u L ){c R c R ) + (Ufl«fl)(5c,ci,)] 

+ 25 , s[(^lCr)(c«ul) + {u r c l ){c* l ur)\ 
g 2 m u m c 



2 ■ 2 oK^iKctCfl) + («l«a)(crCi,)] 



2M^ sin^ (3 

+ [^9 2 s ~ 9 2 z{- A + s 2 w QuQd)](d* L d L )(s* L § L ) ~ ^9 2 s {d\~s L ){r L d L ) 

1 _ ~ 1 ~ 

+ [g5 s -5zSwQd](^R^R)(5fl5 R ) - -g 2 (d* R s R )(s R d R ) 

- [q9 2 ~ 9 2 z s 2 wQd(Qd + ^)}[(d* L d L )(s* R s R ) + («^4)(Sl5 l )] 

+ ^ s 2 [(45«)(^4) + (d* R s L w L d R )] 

- 2M^Z 2 P K ^ lWl ~ Sr) + ^d R W R 5 L )] 

+ [q9 2 + 9 2 z(^ ~ (QuQd + ^)sw)](u* L u L )(s* L s L ) - -g 2 (u* L S L )(s* L u L ) 

+ [q9 2 ~ 9 2 zSwQuQd]{u R u R ){§ R S R ) - ^9 2 {u* R § R ){s R u R ) 

~ [q9 2 ~ 9 2 Z SwQd(Qd + ^)](u* L u L )(s* R s R ) + -g 2 (u* L S R )(§ R u L ) 
1 11 

+ \\g 2 s + g 2 zi\ - {QuQd + \)s 2 w )]{d* L d L W L c L ) - \g 2 s (d* L CLW L d L ) 

+ [-^g 2 - g 2 zS 2 w QuQd]{d R d R ){c R c R ) - -g 2 s {d R c R )(c R d R ) 

- Ig5s - gW w Qu{Qu - ^)W L d L )(c R c R ) + -5s 2 Kc R )(c^J L ) 

- [g3 2 - &|swQd(Qd + 2)l(44)(c2c L ) + -g 2 s (d R c L ){cld R ) 

- \g 2 W L d L ){r L c L ) + {d* L u L )(ci~s L )\ 

2 

: ^[(u R dL)(s L c R ) + {d L u R ){c R s L )\ ((758) 



2M^ sin z f3 

2 

' '""'"'" [(wi,dB)(^iCi,) + (d R u L )(c* L s R )]. 



2M^ cos 2 /3 
Gauge-boson-Gauge-boson-Gauge-boson 
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C = + igc w [(d^W- - d v w-)w+»z v - (d„w+ - d„w+)w-»z» 
- {d»z v - d v z,)w^w- v \ 

+ ie[(8^W- - d v W~)W +il A v - (0 M W+ - d v W+)W~»A v (C.59) 

- {dpAv - dvAJW+oW-"] 
+ 9sf a ^(d,g:)g^g2. 
Gauge-boson-Gauge-boson-Gauge-boson-Gauge-boson 

£ = + 9 ^[(w+w + n{w;w-») - iw+w^) 2 } 
+ g 2 c 2 w iw+w-z»z v - w+w-»z v z»} 

+ g 2 c w s w [W+W-{Z»A v + Z v A< i ) - 2W+W~»Z V A V } {Cm) 

+ e 2 [W+W-A"A v - W+W-»A„A U ] 



glf<*0VfP*VgZgPgPgZ. 



Higgs°-Higgs°-Higgs° 



H+-H--Higgs° 



£ = - ?j-Mz cos 2a[sin(a + p)(h°f + cos(a + P)(H°f] 

- 9 -jM z cos 2/3[sin(a + j3)h° - cos(a + (3)H°](A ) 2 

- ^j-M z [2sm2asm(a + p) - cos2acos(a + (3)}{h°) 2 H 
+ ?j-M z [2sm2acos(a + (3) + cos2asm(a + (3)](H°) 2 h° . 



£ = - [ g M w cos(q -P)- ^-M z cos{a + (3) cos 2(3}H + H~ H° 
+ [gM w sin(a - 0) - ^-M z sm(a + 0) cos 20}H + H~h . 



Higgs -Higgs°-Higgs°-Higgs 



+ ^cos2acos2/?(#°) 2 (^ 
16 

H+-H--Higgs°-Higgs° 
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{CM) 



(C.62) 



C = - & cos 2 2a(/ l °) 4 - & sm4a(h°) 3 H 
32 v ; 16 v ' 

- ^(3sin 2 2a - l)(h°) 2 (H ) 2 + ^| sin4ah°(tf ) 3 

_ || cos 2 2a(i7 ) 4 - || cos 2 2/3(^ ) 4 (C.63) 

2 2 

_ ^cos2acos2/?(/ 1 °) 2 (^ ) 2 - ^ sin2acos2/3/i F°(A ) 2 

2 

0\2/ 40\2 



2 2 

£ = - [i- sin 2 (a - 0) + if cos 2a cos 2 (3}H + H~ (h ) 2 

4 8 

2 2 

+ [— sin(a - /?) cos(a - (3) - if sm2acos2f3}H + H-h°H° 

2 2 

- [^- cos 2 (a - (3) - if- cos 2a cos 2(3)H + H~ (H ) 2 

4 8 

-ikcos 2 2pH + H-(A Q ) 2 . 



H+-H-H+-H 



Higgs-Higgs-Goldstone 



C = + ^M z sin2/3[cos(a + /3)iJ° - sin(a + (3)h°]A°G 

+ -(gM w sin(a - /?) + <? Z M Z cos(a + (3) sm2[3)(H H + G~ + H H~G + ) 
+ -(c/Mvk cos(a - /?) - g z M z sin(a + /?) sin20)(h° H + G~ + h H~G + ) 
+ i-gM w (A°H-G + - A H + G~). 
Higgs- Goldstone- Goldstone 

£ = - jg z M z cos(a + (3) cos 20[H° (G ) 2 + 2H G + G~} 
+ \gzM z sin(a + /?) cos2/?[/i°(G ) 2 + 2h G + G~}. 



(CM) 



£ = -ifcos 2 2P(H + ) 2 (H-) 2 . (CM) 



(CM) 



(C.67) 



Higgs-Higgs-Higgs-Goldstone 

C = + i^- sin 2/3[cos 2a((H ) 2 - (h ) 2 ) - 2 sin 2aH °h }A°G 
8 

- i^- sin4/3[(A°) 3 G° + 2H+H-A°G } 

+ i( 5 2 sin2(a-/3) + 5 |cos2asin2/3)[F + G- + J ff"G + ][(F ) 2 - (/i ) 2 ] 
8 

+ j(g 2 cos2(a - (3) - g 2 z sm2asm2(3)[H + G- + H-G + }H°h° 

_ ^L s in4/3[if+G- + H-G + ](A ) 2 

_ j*L[ C os(a - [3)H° - sin(a - /3)ft°][,4 iI + G- - A H~G + ] (CM) 

- i^ sin Af3[(H+) 2 H-G- + (H-) 2 H + G + ). 
8 

Higgs-Higgs-Goldstone-Goldstone 
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£ = + i?- [cos 2a cos 2/?((/i ) 2 - (H ) 2 ) + 2 sin 2a cos 2(3H°h } (G ) 2 
16 

-^|(3sin 2 2/3-l)(A°) 2 (G ) 2 
16 

_(^!_^l C os 2 2/3)^+F-(G ) 2 

o 2 
- iy[sin(a - (3)H° + cos(a - /?)/t°][#-G + G° - H + G G~} 

+ -^g 2 - g\ sin 2 2/3) (A H~ G+ G° + A°H+G-G°) 

- j(g 2 sin 2 (a - (3) + - 5 | cos 2a cos 2f3)(H°) 2 G + G- 

- i( ff 2 cos 2 (a -13)- -g 2 z cos2acos2P)(h°) 2 G + G- 

- j(g 2 sin 2(a - (3) - g\ sin 2a cos 2f3)H°h G + G- 

_ (3l _ ^i C os 2 2/?)(^°) 2 G + G- + & cos 4(3H + H~G + G- 

4 8 4 

- ^ sin 2 2/?[(F+) 2 (G-) 2 + (H-) 2 (G + ) 2 }. 
8 



Higgs- Goldstone- Goldstone- Goldstone 



[cos(/3 - a)H [) + sin(/3 - a)/i u ]. 
Ghost-Ghost-Goldstone 
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(C.69) 



£ =|| sin4/3[(G ) 3 ^ + (G ) 2 ^" + (G ) 2 G~H+ 

+ 2G + G~G°A + 2(G~) 2 G + H + + 2(G + ) 2 G-H~}. 
Goldstone-Goldstone-Goldstone-Goldstone 

C = -|§ cos 2 2/3[(G ) 4 + 4G + G"(G ) 2 + 4(G+) 2 (G") 2 ]. (C.71) 

Ghost-Ghost-Gauge-boson 

C = igc[d fl u + uj + - d^U-UJ^Z^ 
+ ie[d fl LU + Lj + - d^co-U)-]A^ 

+ ig[c(d^Co z u- - d»Q + u z ) + s(3"u; 7 u;_ - d»u> + uj 7 )}W+ (C.72) 

+ igfc^w.u^ - d^Ld z u + ) + s(9 /i o)_w 7 - d^QjU> + )]W~ 

Ghost-Ghost-Higgs 



-[9Mvi/^(^+w + + uj-uj-) + gzMziz^zUJz) 



C = — i-M w £ w [u> + u)+ — uj-uj-]G 



~ (j - Sw)gzM w £ w [v + w z G + + w_o; z G ] 

— eMvt/^H/[u)+u; 7 G + + <Z>_u; 7 G _ ] 
+ ^M z Zz[lj z lu + G- +Q z oj-G + ]. 



Appendix D. Sfermion expansion 

In Appendix C, most of the interactions of sfermions are expressed in terms of the /l and f R , 
which are not mass eigenstates. In this Appendix, using sfermions in the first generation, i>, Sj, 
Ui and dj(i = 1,2) as the representative, the product of two sfermions and of four sfermions arc 
expanded by the mass eigenstates /i and f 2 . 

The mass eigenstates of sfermions are defined by (2.6). Using the reversed expression, 



[%.) = [% 7)ii)- ™ 



with Cf = cos Of and Sf = sin Of for f = e,u, d, one finds that the products of two sfermions are 

decomposed as 

(v*e L ) = c e i>*ei - s e i)*e 2 , 



' ~ : t= 



v e R ) = s e v ei + c e v e 2 , 
(u* L u L ) = c 2 u u\ui - c u s u u\u 2 - S U C U U* 2 Ui + s 2 u U 2 U 2 , 
(u* R u R ) = si u\ui + s u c u u\u 2 + c u s u u* 2 ui + c 2 u u 2 u 2 , 
(u* L u R ) = c u s u u\ui + c\ u\u 2 - s 2 u u* 2 ui - s u c u u 2 u 2 , 
(u* R u L ) = s u c u u\ui - s 2 u u\u 2 + c 2 u U* 2 Ui - c u s u u 2 u 2 , 
(d* L u L ) = c d c u d\u\ - c d s u d\u 2 - s d c u d 2 ui + s d s u d 2 u 2 , 
(d* R u R ) = s d s u d\ui + s d c u d\u 2 + c d s u d* 2 ui + c d c u d 2 u 2 , 
(d* L u R ) = c d s u d\ui + c d c u d\u 2 - s d s u d* 2 u\ - s d c u d 2 u 2 , 
(d* R u L ) = s d c u d\ui - s d s u d\u 2 + c d c u d* 2 u\ - c d s u d 2 u 2 . 

The product of four sfermions are decomposed as follows. 

(u* L u L ) 2 = + c„(«*tii)(uiui) 

- 2c%s u {u\ui)(u\u 2 ) - 2cls u (u* 1 u 1 )(u 2 u 1 ) 

+ c£s«(«l«2)(Wl«2) + t^5^(t^Wi)(«2«l) 

+ 2c'4Kn 2 )(u^i) + 2c 2 u s 2 u {u\u l )(u 2 \u 2 ) 

- 2c u sl(ulu 2 )(u 2 u 2 ) - 2c u sl(u 2 u 1 )(u 2 u 2 ) 
+ si(u* 2 u 2 ){u 2 u 2 ). 
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(D.2) 



(D.3) 



(DA) 



(D.5) 



(U* R U R ) 2 = + st(«l«l)(«l«l) 

+ 2c u s\(u\ui)(u* l U 2 ) + 2c u 5„(ttiUl)(«2Ul) 
+ clsl(ulu 2 )(ulu 2 ) + C^4(^2^l)(^2^l) 

+ 2C^S U (U*U 2 )CU2"2) + 2c^S u (u2^l)(«2'"2) 
+ C^({t2«2)(«2«2)- 

I ~* ~ I 2 I 2 2 / ~* ~ \ / ~* ~ \ 

|«L«fll = + c u a u (wi«i)(«iWi) 

+ C M S U (<; - 5„)(«iUl)(Ui«2) + C u S u (c 2 u - 3^)({t*«l)(u2«l) 

- ^«S(«l«2)(filW2) - C^4("2"l)(^2«l) 

+ (4 + 4)(«l«2)(«2«l) - 2c^({2i?2 1 )(i2 2 ! {2 2 ) 

- C M S U (<; - S^)({tiU 2 )(U2«2) - C M S u (c^ - S^)(U2«l)(^2^2) 

+ ^4(«2«2)(M2«2)- 



I^zAI 2 = + c^c^(u*Ji)(d*ui) 

- CuS u Cd({t* Ji)(i*« 2 ) - c^CdS d (^i Ji)(d2«i) 

- ^C d S d (MiJ 2 )K«l) - C u S u Crf(ti2(il)(diMl) 

+ c u s M c d s d (i2i J 2 )(dt«2) + CuSuCdSd^adiJ^ui) 

+ C ^2 (i2 * J 2 )(J^ 1 ) + slc^uld^dXuz) (D.6) 

+ c u s u c d Sd(niJi)(d2tt 2 ) + c u s u c d s d (u* 2 d2){d\ui) 

- c u s u s d {u* 2 d 2 )(d* 2 ui) - slc d s d (u 2 d 2 )(d~lu 2 ) 

- sl^s^u^d^id^) - c u s u s d (u\d 2 )(d* 2 u 2 ) 
+ s 2 u s 2 d (u 2 d 2 ){d 2 u 2 ). 

\u* R d R \ 2 = + slsj(uldi)(dlui) 

+ CuS u Sd(u{di)(d\u2) + S^CdSd(UiJi)(J2^l) 
+ S^CdSd(^lrf2)K^l) + C u S„S^(u 2 ^l)(^l^l) 

+ CuS u C d 5d(«* 42)(di«2) + c u s u c d s d (u 2 di)(d* 2 ui) 

+ s^(«I^)(^«i) + £4{^di)i&U2) (D.7) 

+ c u s M CdSd(nidi)((i2S2) + c u s u c d s d (u* 2 d 2 )(d\ui) 

+ c u s u c 2 d {uld 2 )(d* 2 ui) + c^SdCd (^2^2) (d*u 2 ) 

+ C^CdSd(« 2 rfl)(^ 2 '"2) + C u S u C^(UiJ 2 )(^2^2) 
+ C^C^(tt2rf2)(d2«2)- 
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\u* L d R \ 2 = + c 2 u s 2 d {u\ di)(rfjui) 

- c u s„s^(uiJi)(Jin 2 ) + c^c d s d (ni di)(<^ui) 

+ CuC d S d (UiJ 2 )(dlMi) - C M S u S d (-Lt2rfl)(^l«l) 

- C M S u C c ;S d (-UiJi)(J2'W2) ~ C u S u C d S d (uld2){dlui) 

- c u s u c 2 d {u 2 d 2 ) (d\ u-Cj + s 2 u c d s d (u* 2 d 2 ){d\u2) 
+ sl^s^u^d^id^) - c u s u cl(uld 2 )(dlu2) 
+ s 2 u c 2 d (u 2 d 2 )(d* 2 u 2 ). 

The expression of \u* R dL\ 2 is obtained from \u* L dn\ 2 by u <-^ d. Explicitly it is given as 

\u* R d L \ 2 = + 4 c d(^i^i)(^i^i) 

+ c u s u c d {u\d\){d\u2) - s 2 u c d s d {u\di)(d* 2 ui) 

+ clc 2 d {u* 2 d,){d\u2) + slsl{u\d2)fau{) (D.9) 

- c u s u c d s d {u\di)(d 2 u 2 ) - c u s u c d s d {u* 2 d2){d\ui) 
+ c u s u s 2 d {uld 2 )(d* 2 ui) - clc d s d (u 2 d 2 )(dlu 2 ) 

- c 2 u c d s d {uldi)(d* 2 u 2 ) + c u s u s 2 d (uld 2 )(d 2 u 2 ) 
+ c 2 u s 2 d (u* 2 d 2 )(d 2 u 2 ). 

Setting d = u in the last four equations (D.6)-(D.9), one recovers the first three equations (D.3)- 
(D.5). 

(u* L u L )(d* L d L ) = + ^(«;«i)(^di) 

- c^c d s d (ni{(i)(Ji d 2 ) ~ clcdS^ulu^idldi) 

- c u s u c 2 d {u\u2){d\di) - c u s u c 2 d {u* 2 ui){d\di) 

+ c u s u c d s d (ulu 2 )(dld 2 ) + c u s u c d s d (u* 2 ui){d* 2 di) 

+ c u s u c d s d (u\u 2 )(d* 2 di) + c u s M c d s d (u2ni)(JiJ 2 ) (-D.10) 

+ c^s d (ntni)(J;J 2 ) + slcKu^u^idldt) 

~ S^C d S d (u2^2)(^2^l) - Sn C d S rf(^2^2)K^2) 

- C„SuS d («2«l)(^^2) - C u S M S d (Uin 2 )(d2^2) 
+ 4 S d( ii 2^2)(d2^2). 

(u R UR)(d R dR) is obtained from (■u£tiL)(d£dz,),by 



-c u , c d ->■ s d , s d ->■ -c d . (-D-H) 
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{u R u R ){d R d R ) = + s u s d (ului)(did 



(u* L u L )(d R di 



+ s 2 u c d s d {u\u 1 )(d* 1 d 2 ) + s^c d s d («*ui)((^di) 
+ c u s u s d (ntu 2 )(rfj;rfi) + c u s„s d (u2^i)(^irfi) 
+ c u s u c d s d (u*u 2 )(did2) + c u s u c d s d (ului)(d* 2 di) 
+ c u s u c d s d (ulu 2 ){(t 2 di) + c u s u c d s d (u* 2 ui)(d\d 2 ) 

+ c^c d s d (u2n 2 )(d2^i) + c^c d s d (u2n 2 )(<i^2) 
+ c u s u c d (£i 2 wi)(J 2 (I 2 ) + c u s u c d (nin 2 )(d2d2) 

+ C « C d(^2^2)(d2^2)- 

+ ^«d(«i«i)(^di) 

+ (^c d s d {u\u{)(d![ d 2 ) + c^c d s d (-ui-ui)(ci 2 (ii) 

- c„s„s d (uiU2)(didi) - c M s u s d (-u 2 ni)(Ji(ii) 

- c u s„c d s d (ni U2XJ1J2) - c M s u c d s d (-u 2 ui)(J 2 (ii) 

- C u S„C d S d (UiU 2 )(d2^l) - C u S u C d S d (u2^l)(rfl^2) 
+ C^C d ('Et*'Ul)(J2^2) + 4 s d(^2^2)(dldi) 

+ S„C d 5 d («2«2)(^dl) + S^C d S d (u2U2)(rfid2) 

- C u S u C d ({t2'Ui)(J2^2) - C„S u C d (Uin 2 )(rf2^2) 

+ ^c d (u 2 M 2 )((i 2 d 2 ). 



(D.12) 



(D.13) 



Appendix E. Relation with Hikasa' convention 

Here, I list the particles whose relative signs are differently defined in ref.[4] as well as some 
different notation for parameters. 



this paper 

X? 
G° 
G ± 

<% 

4>R 

4>L 

(L 
™2 



in 



12 



Hikasa [4] 
-Hi 

-Ci 

— Xo(due to the relative sign of Ci) 
~X (due to the relative sing of H± 

Gl 

<Pl 

(pit 
tR 



(E.l) 



There are several trivial misprints in ref.[4], some of which were pointed out by T. Ishikawa. These 
are 

• the first line of (6.96), h should read H°. 

■ the second term of the third line of (6.100), cos 2a should read sin 2a. 
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the second line after (6.107), m e — > m s should read irid — ► m s 

the first two terms of (1.5) , multiply g 2 . 
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